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Polymer-metal organic frameworks (polyMOFs) offer a pathway toward processable polymer-MOF hybrid
materials; however, because polymeric ligands are incorporated throughout the MOF lattice, polyMOFs
have an inherent shortcoming of reduced pore accessability and surface area compared to traditional
MOFs. Herein, a strategy for altering the degree of polymer incorporation in polyMOFs by mixing a

Received 25th October 2022, multivalent polymer ligand containing MOF-forming linkers with “free” linkers is investigated as a means to

Accepted 16th January 2023 tune the properties of polyMOFs, resulting in polyMOFs with superior N, and CO, uptake. The mixed ligand
approach is further extended to distinct MOF-forming polymer ligands to create multivariate (MTV)-

polyMOFs, which provides a method for incorporating low-dispersity polymer ligands with complex

DOI: 10.1039/d2me00227b

rsc.li/molecular-engineering architectures into polyMOF lattices without the addition of small molecule components.

Design, System, Application

MOFs synthesized from multivalent polymer ligands (polyMOFs) generally suffer from limited scope and decreased permanent porosity as a result of pore
filling by the polymer backbones. Here, we employ a new design strategy that involves modifying the relative incorporation of polymer ligands in multi-
component polyMOFs by mixing the polymer ligand with small molecule ligands. Increasing the amount of free 1,4-benzenedicarboxylic acid (H,bdc)
relative to polymer-bound H,bdc lowers the amount of polymer and provides a concomitant increase in surface area of the polyMOF. This strategy allows
for record BET surface areas and CO, uptake even compared to native MOF-5. The strategy can be extended to mixed polymer ligand polyMOFs, which
expands the scope of possible polyMOFs and opens an avenue for the development of polyMOFs that incorporate more complex macromolecular ligands.
The strategy also illustrates that the addition of even small amounts of polymer ligand can have drastic impacts on the properties and morphologies of
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MOFs.

Introduction

Metal-organic frameworks (MOFs), a class of crystalline,
porous coordination polymers composed of inorganic metal-
containing clusters connected by multitopic organic ligands,
have received notable attention in recent years." Their many
attractive features, including high surface areas, tunable pore
sizes, and modular and addressable chemical functionalities
have made them promising platforms for catalysis,> gas
storage and separation,>* sensing®® and drug delivery.”
Macroscopically, MOFs are microcrystalline powders that
generally cannot be melted without destroying the crystal
structure. As a result, for industrial applications in
separations and catalysis, MOFs are processed into bulk
samples by mechanical pressing or mixing with a suitable
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binder that can then be extruded.®*'® Improving the
processability of these materials is required to further their
industrial applications and expand potential device
fabrication. In recent years, there has been growing interest
in the development of hybrid materials of flexible organic
polymers and MOFs'""? with the ultimate goal of
combining the porosity, tunability, and functionality of
MOFs with the processability and mechanical flexibility of
polymers.”*™”

One approach to polymer/MOF hybridization is the
assembly of MOFs from multivalent polymeric ligands,
providing “polyMOFs.” The polymer ligands of polyMOFs are
generally composed of MOF-forming organic linkers that are
connected through a flexible macromolecular backbone.'®
Unlike with physical blends of polymers and MOFs, which
can generate macrovoids due to chemical incompatibilities at
the MOF-polymer interface, in polyMOFs the polymer ligands
weave through the MOF lattice and become fully
incorporated into the framework during crystal growth.
Despite the potential to improve the processability and
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mechanical stability of MOFs, however, polyMOFs have an
inherent drawback of reduced accessible surface areas due
to pore filling by the polymer ligands." For the isoreticular
polyMOF analogues of MOEF-5, the highest BET surface area
achieved has reached only 1100 m* g™, which is
approximately one third of the surface area of native MOF-
5. We recently reported the synthesis of polyMOFs from
low dispersity polymers synthesized from reversible
addition fragmentation chain transfer (RAFT)
polymerization, which allows for greater control over the
composition, molar mass, and dispersity of the polymer
ligand and enables further expansion of the scope of
potential polyMOF materials.”® The utility of these
polyMOFs is limited, however, by their low surface areas
(only up to 140 m> g™"). In order to realize the advantages
of polyMOFs, the development of new strategies to
circumvent this limitation is imperative.

A variety of strategies have been employed to
improve the surface area and gas uptake of MOFs,
including the modification of organic linkers with
specific ~ functional  groups,”  metal  substitution,*
judicious design of MOF topology and structure,® and
the utilization of alternative methods of solvent
evacuation such as activation by supercritical CO,.**
Additionally, the wuse of multiple organic linkers
containing different functionalities to synthesize so-called
multivariate (MTV) MOFs has been found to improve
the porosity, catalytic activity, and optical properties of
MOFs relative to their parent materials (Fig. 1A).>>?°
Notably, the resulting properties have not necessarily
been a linear combination of the constituent parts. In
an early example illustrating this concept, Deng et al
synthesized MTV-MOFs with eight distinct dicarboxylate
linkers containing different functionalities, with one
“MTV-MOF-5" material exhibiting an increase in CO,
selectivity over CO four times that of the pure
component MOFs.>”  This work, among others,
exemplifies that introducing heterogeneity into these
otherwise ordered structures can have synergistic effects
that improve the properties of the resulting MOF.

In a related approach, we demonstrated that for
polyMOFs employing RAFT-derived polymer ligands, the
degree of polymer incorporation and properties of the
resultant polyMOF could be tuned by including free
linkers.>® While this method proved successful for
tuning the crystallinity and hydrolytic stability of the

polyMOFs, the surface areas, though still tunable,
remained low even upon the addition of three
equivalents of free linker. We hypothesized that the

polyacrylamide structure, which placed the linkers on
the polymer sidechains, likely results in greater pore
filling relative to polymer ligands with linkers in the
polymer backbone. Therefore, we envisioned expanding
this strategy to polyMOFs synthesized from step-growth
polymerizations  that have  already  demonstrated
appreciable surface areas (Fig. 1B). By tuning the
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Fig. 1 Mixed ligand strategies used in conventional MOF syntheses
and investigated here for polyMOFs. (A) Unique functionalized ligands
have been used to synthesize MTV-MOFs. Comparably, we explored
(B) a mixed ligand strategy with step-growth polymer ligands and (C) a
mixed polymer ligand approach, employing both step-growth and
RAFT-synthesized polymers to synthesize MTV-polyMOFs.

relative amount of polymer incorporation, we could
access polyMOFs with higher surfaces areas, while
maintaining the favorable properties induced by

incorporation of the polymer ligand. Additionally, by
utilizing multiple unique polymer ligands, we can
synthesize multivariate polyMOFs (MTV-polyMOFs) that
enable incorporation of low dispersity polymer ligands
without the need for small-molecule linkers (Fig. 1C).

Results and discussion

We began our investigation by synthesizing a polymer
ligand that had previously been reported to form polyMOFs
with high surface areas. We selected a polyether ligand
(pbdc-7a) comprising 1,4-benzenedicarboxylic acid (H,bdc)
linkers connected by a seven-carbon spacer, previously
reported by Cohen et al. to form polyMOF analogues of
both MOF-5 and UiO-66."%%® This ligand has been shown
to generate polyMOFs with the highest reported BET
surface areas and highest CO, uptake at 298 K to date.'®
The polymer was synthesized in a two-step procedure
(Scheme S1f): first, a condensation polymerization of
diethyl 2,5-dihydroxyterephthalate and 1,7-dibromoheptane
in DMF at 100 °C for 24 hours gave the ester form of the
polymer (pbdc-7e), which was then hydrolyzed to obtain the
polyacid pbde-7a in 55% yield, as indicated by "H NMR
and *C NMR (Fig. S1 and S27). Analysis by gel permeation

This journal is © The Royal Society of Chemistry and IChemE 2023
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chromatography (GPC) showed that the polymer had a
number- and weight-average molar mass of 7000 and
14700 g mol™, respectively, and a unimodal molar mass
distribution with a high dispersity (P = 2.10), comparable
to reported values'®*® (Fig. S31).

To determine the ability of pbde-7a to form mixed ligand
polyMOF-5, as opposed to independently forming polyMOF-5
and native MOF-5, we synthesized a set of polyMOFs with
varying amounts of added free H,bdc linker. Free H,bdc,
pbdc-7a, and Zn(NOs;),-6H,0 were dissolved in DMF and
placed in a preheated 100 °C oven for 24 h. For each of the
reactions, the ratio of Zn(NO;),-6H,0 to total H,bdc (taken as
the sum of polymer-bound ligands and free ligands) was kept
constant at 3:1, while the ratio of free MOF-forming H,bdc
linker to polymer-bound H,bdc ranged from 0.1 to 3. The
concentration was also kept constant at 0.24 M with respect
to Zn(NOs),-6H,0O. Each of the reactions produced an off-
white precipitate. Interestingly, for the reactions with 0, 0.1,
0.5, and 1 equivalents of free linker added (notated as Zn-
pbdc-7a-xeq, where x indicates the equivalents of free
ligand added to the initial reaction solution), the
precipitate took the form of a brittle film, whereas those
with 2 and 3 equivalents of added free linker formed
powders, as might be expected as the material becomes
more resemblant of the native MOF-5 due to decreased
polymer incorporation.

The materials were each characterized by powder X-ray
diffraction (PXRD). All samples exhibited the diffraction
patterns characteristic of MOF-5, as well as a broad peak
centered around 26 = 22°, indicative of the presence of an
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Fig. 2 Synthesis of mixed ligand polyMOF Zn-pbdc-7a-xeq, polyMOFs
formed from pbdc-7a and x equivalents of free Hbdc (a) and powder
X-ray diffractogram (b) of Zn-pbdc-7a-xeq with varying equivalents of
free Hobdc used in the synthesis.

This journal is © The Royal Society of Chemistry and IChemE 2023

View Article Online

Paper

amorphous phase (Fig. 2). This amorphous phase was most
prominent among Zn-pbdc-7a-0eq, Zn-pbdc-7a-2eq, and Zn-
pbdc-7a-3eq, contrary to what might be expected for
polyMOFs with a lower fraction of polymer incorporation.
The latter two samples also more prominently displayed
higher angle peaks not clearly visible in other polyMOF
samples.

To determine the relative amount of polymer-bound linker
and free linker in each of the crystalline polyMOFs, the
samples were digested in DCI/DMSO-ds and the ratios were
quantified by 'H NMR analysis (Fig. S4-S91). The results
(Table S1t) show these ratios remain comparable to the
initial reaction stoichiometries. To further probe the polymer
ligand incorporation, we analysed a mixed ligand polyMOF
synthesized with pbdc-7a and 2-aminobenzene-1,4-
dicarboxylic acid (H,bdc-NH,) by transmission electron
microscopy and electron-dispersive X-ray spectroscopy (TEM-
EDX). The presence of the nitrogen atoms in the elemental
mappings (Fig. 3 and S107) corroborates the incorporation of
free bde-NH, linkers. Altogether, these data suggest that both
pbdc-7a and free H,bdc are incorporated comparably into the
MOF lattices, allowing for the relative incorporation of these
polymers to be rationally tuned by altering the initial reaction
stoichiometry.

Morphological differences between the particles are clearly
evident in scanning electron microscopy (SEM) images (Fig.
S11-S15%). Zn-pbdc-7a-0eq shows the formation of a film of
interconnected cubic MOF crystals, which is not present in
the polyMOFs with greater amounts of free linker added.
Instead, particles of interconnected cubic MOF crystals form,
with the size of these particles decreasing as the fraction of
added free linker increases. In particular, Zn-pbdc-7a-1eq and

Fig. 3 (a) TEM image of Zn-pbdc-7a-2eq-NH; and (b), Zn (c) O, (d) N
EDX elemental mapping of Zn-pbdc-7a-2eq-NH;, indicating
incorporation of free bdc-NH, ligand into polyMOF lattice.
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Zn-pbdc-7a-3eq form particles with a wide range of sizes from
20-120 pm, while Zn-pbdc-7a-15eq and Zn-pbdc-7a-30eq
(synthesized to probe the impact of further addition of free
H,bdc ligand) ranged from 10-20 um. As both the formation
of the film and intergrowth of the MOF-5 crystals is most
likely the result of multiple nucleation sites along individual
polymer chains, it is reasonable that different morphologies
are formed at lower polymer ligand concentrations.

We hypothesized that decreasing the polymer ligand
concentration should have a measurable impact on the BET
surface areas of the polyMOFs, as the occluded space in the
pores should be reduced. We tested this hypothesis using N,
gas sorption measurements for a series of polyMOFs at 77 K.
The polyMOFs all exhibited type-I isotherms and calculations
based on the N, adsorption isotherms for Zn-pbdc-7a-0eq,
Zn-pbdc-7a-1eq, Zn-pbdc-7a-3eq, Zn-pbdc-7a-15eq, and Zn-
pbdc-7a-30eq indicated BET surface areas of 1011, 1287,
1359, 1356, and 562 m> g ', respectively (Fig. 4a).° These
measurements provide evidence that the mixed ligand
strategy can be used to tune the accessible surface of
polyMOFs. Furthermore, using this method we were able to
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obtain a record high surface for polyMOF-5, which represents
a 34% increase from the “pure” polyMOF measurement Zn-
pbdc-a-0eq."® Modifying these gravimetric BET surface areas
to only account for the mass that potentially contributes to
the MOF lattice (i.e., to only include the mass of the bdc
linkers of the polymer ligands and not the spacers between
each bdc group) (Fig. 4b, Table S27) suggested that the source
of the increase in BET surface area largely arose from a
decrease in total mass of the polymer ligands. Previous work
has found that isoreticular expansions of the Zr polyMOF
polyUiO-66 with variants composed of biphenyl- and
terphenyl-based ligands led to concomitant increases in BET
surface area, attributable to a decrease in pore filling.*" As
such, future work should examine the impact of decreased
polymer incorporation into larger pore polyMOFs.

We also investigated the CO, uptake of several of these
polyMOFs, as it has been shown that polyMOFs can have
increased CO, uptake relative to their native MOF
counterparts. It was suggested by Cohen and co-workers that
the observed higher heats of CO, adsorption (Qy) originate
from a decrease in pore size that results from the
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Fig. 4 N, (a) and CO, (c) gas sorption isotherms for a series of polyMOF-5 materials synthesized from pbdc-7a and x equivalents of free H,bdc
linkers and a comparison of the polyMOFs' BET surface areas (b) and total CO, uptake at 298 K and 1 atm (d). BET surface areas and CO, uptake
capacities corrected to only account for the mass contributing to the framework are shown in red.
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incorporation of polymers throughout the
framework.'®?%%%%% We reasoned that a lower polymer

fraction could maintain the higher heats of CO, adsorption
observed from polymer incorporation, while decreasing the
mass of polymer ligand in the pores, leading to higher CO,
uptake. Measurements of CO, uptake (Fig. 4c) for Zn-pbdc-
7a-0eq, Zn-pbdc-7a-15eq, and Zn-pbdc-7a-30eq gave values
of 51, 65, and 31 cm® g™' at 1 atm and 298 K, compared to
20 cm® g™' that has been previously measured for the native
MOF-5."% Interestingly, addition of free linker initially leads
to an increase in CO, uptake—27% over Zn-pbdc-7a-Oeq
and 325% over native MOF-5—but further increases result
in reductions of CO, uptake from the pure polymer Zn-
pbdc-7a-0eq. One possible explanation for this trend could
be that, past a certain point, the polyMOF becomes more
structurally comparable to the native MOF-5 and thus leads
to a relative decrease in CO, uptake. Regardless, these
results show that even small amounts of polymer
incorporation can have positive impacts on the properties of
the resulting polyMOF.

Encouraged by these results, we sought to determine
whether a similar strategy could be utilized to form MTV-
polyMOFs composed of two unique polymer ligands bearing
the same organic linker. As a proof of concept, we
synthesized a set of polyMOFs from pbdc-7a and a previously
reported poly(acrylamide), pabdc-0a, that was synthesized via
RAFT and that bears the H,bdc linkers on pendant
sidechains (Fig. 5a).>° The dispersity of pabdc-0a was shown
to play a significant role in the ability of the polymer to form
polyMOFs. In particular, pabdc-0a was only able to form
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crystalline material when synthesized by an uncontrolled free
radical polymerization, leading to high dispersity, or when
free H,bdc linker was added to the reaction solution during
MOF synthesis. The high dispersity polymer pbdec-7a could
function similarly in enabling the integration of low
dispersity pabdc-0a into the MOF framework, thereby
allowing access to polyMOFs composed purely of polymers
that incorporate well-defined polymers with complex
architectures.

We explored four different ligand ratios of pbdec-7a to
pabdc-0a (10:1, 2:1, 1:1, and 1:2, based on the H,bdc
bound to each polymer) and maintained the ratio of Zn*" to
total H,bdc constant at 3:1 for each synthesis. The polymers
and Zn(NOj3),-6H,0 were dissolved in DMF and placed in a
100 ©°C preheated oven for 24 hours, after which a
precipitated solid was isolated. The solids each exhibited
diffraction patterns matching that of MOF-5 (Fig. 5b).
Additionally, "H NMR of the digested materials (Fig. S16-
S191) showed polymer ratios comparable to the initial
stoichiometric ratio, and elemental mapping by TEM-EDX
(Fig. S20 and S21t) provided evidence of homogenous
incorporation of pabdc-0a based on the nitrogen atoms of
the acrylamide, suggesting that this strategy can facilitate
the formation of MTV-polyMOFs over a range of polymer
ratios.

We further explored this strategy as a means to
incorporate more complex polymer architectures into the
MOF framework by synthesizing MTV-polyMOFs from pbdc-
7a and diblock copolymer PS-b-pabdc-0a (Scheme S2t) over
the same range of polymer ratios. Brittle films were formed
for each of the syntheses and again they each showed
diffraction patterns corresponding to MOF-5 (Fig. S227).
Interestingly, however, samples with larger fractions of PS-b-
pabdc-0a, as determined by 'H NMR of the digested
polyMOFs (Fig. S23-S26t), showed the appearance of several
new diffraction peaks (most prominently at 14.7°, 20.2°, and
21.7°) not typical of MOF-5, indicating the formation of a
new crystalline phase in addition to that of MOF-5. These
results highlight that the addition of even small amounts
of a polymer ligand can have impacts on the structure of
the material and opens up MTV-polyMOFs as a viable
approach for incorporating low dispersity polymers with
complex architectures and functionalities into
polyMOFs, %3435

Conclusions

We have demonstrated that a mixed ligand strategy can be
utilized to tune the relative incorporation of polymer ligands
in polyMOFs. This approach was found to generate polyMOFs
with improved BET surface areas and record high CO,
uptake, significantly outpacing the native MOF-5. This
strategy was further shown to enable the synthesis of mixed
polymer ligand MTV-polyMOFs. MTV-polyMOFs can enable
the incorporation of low dispersity RAFT polymers into
polyMOFs without the addition of small molecule free linker.
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Altogether, these results expand the scope of polyMOF
materials by facilitating the precise tuning of their properties
and the integration of complex polymer architectures.
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