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ABSTRACT: Hybrid materials containing organic polymers and metal-organic frameworks (MOFs) have attracted attention for their
potential to harness both diverse functionality and high processability, but their fabrication is challenged by incompatibilities of the
parent components. The poor solubility of MOFs hinders uniform dispersion throughout a polymer matrix, and may cause aggregation
that is not only detrimental to the permeability of substrates, but also limits the structural integrity of the polymer. Meanwhile, poly-
mer chains can block or penetrate the porous structures and compromise MOF functionality by reducing surface area and pore-size.
We report a versatile method of covalent hybridization through post-synthetic ligand exchange to form a crosslinked polymer-MOF
composite. The resulting network structure allows for the formation of robust, monolithic composites with variable MOF loadings
that may exceed 80% wherein ligand exchange is limited to surface sites so as to fully preserve MOF surface area and porosity. The
synthesis can be performed from a diverse set of inexpensive starting materials, encouraging the design of new functional materials

across a wide range of applications.

INTRODUCTION

In the last two decades, MOFs have become a major focus of
materials research.!* Their angstrom-scale order, high porosity,
functional tunability, and facile synthetic methods make them
well suited for a wide range of applications.”!? These attractive
features are tempered by the poor physical strength and low pro-
cessability of MOFs.!! The crystalline frameworks are brittle
and typically exist as insoluble powders. Additionally, many of
the most commonly researched MOFs are hydrolytically unsta-
ble, suffering from irreversible structural degradation after a
few hours of exposure to humid air.'>'*

Recently, there have been several efforts to improve the phys-
ical properties of metal-organic frameworks by direct covalent
integration with amorphous, organic polymers (Figure 1).'°
These materials force uniform polymer-MOF integration and
improve bulk physical strength; the polymer chains help to sup-
port the framework structure and increase stability. Such inte-
gration has most commonly been achieved by post-synthetic
polymerization from initiator-functionalized ligands,'!: 67
post-synthetic coupling of end-capped polymers to functional-
ized ligands'®!", or pre-synthetic ligand polymerization.?*-?!
Wang and coworkers functionalized the benzene dicarboxylate
(BDC) linkers of a ZrsO4(OH)4(BDC-NH,) MOF (UiO-66-
NH,) with a methacrylamide initiating group.'® The MOF was
then suspended in a solution of methacrylate monomer, and the
polymer was grown directly from the ligands by UV-induced
polymerization. This approach was used to produce freestand-
ing hybrid membranes; however, it was not selective to the
outer surface of the crystals, resulting in polymerization

throughout the pore volume. As a result, initiator functionaliza-
tion alone decreased the BET surface of the crystals signifi-
cantly.
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Figure 1. Previous methods of direct polymer-MOF integration
through functionalized ligands to synthesize a hybrid crystal with
polymer chains throughout the pores.

To blend MOFs and polymers selectively at the crystal sur-
face, Kokado and Sada et. al. submerged UiO-66-NH, crystals
in a solution of poly(N-isopropylacrylamide) (PNIPAM) end-
capped with N-hydroxysuccinimide (NHS) and heated at
60°C.!"® Because the polymer molecules were larger than the
framework pore aperture, coupling was limited to exposed sur-
face ligands and the bulk porosity was preserved. The resulting
UiO-66-PNIPAM hybrid particles demonstrated controlled
host-guest behavior, though they existed as individual nanopar-
ticles rather than membranes.

More recently, it has been discovered by Cohen et. al. that lig-
ands incorporated into a polymer backbone will assemble with



the proper metal precursors to form a framework structure, re-
sulting in “polyMOFs,” wherein every ligand is connected
through a polymer chain.”® These polyMOFs demonstrate im-
proved water stability, with no structural deformation observed
until after 3 days of exposure to ambient air. By using tailor-
made polymers with precisely spaced ligand fragments, Cohen
et al. were able to fabricate polyMOFs with surface areas rang-
ing from 70 to 1104 m?g™!, which are remarkably high for a pol-
ymeric material. In this approach, the polymer segments con-
necting ligand moieties become part of the crystal and cause in-
evitable decrease in surface area compared to the parent MOF
(2963 m?g!). In order to maximize the functionality of the orig-
inal MOF, in this work we focused on developing a scalable
method of integration based on covalent attachment of polymer
chains to a MOF surface, while leaving the majority of the crys-
tal structure and porosity undisturbed.

Polyimides have been studied extensively for applications in
membrane technology, including mixed matrix membranes, due
to their high mechanical strength, chemical resistance, and ther-
mal stability resulting from rigid aromatic backbones and strong
intermolecular forces.???* They are synthesized using a simple
and inexpensive two-step method, beginning with a polycon-
densation between dianhydride and diamine monomers in air at
room temperature to form a soluble poly(amic acid). This inter-
mediate is then converted to the insoluble polyimide product
through a thermal cyclization at 150-300°C post processing.
One such polyimide, poly(44'-oxydiphenylene-pyro-
mellitimide), was developed by researchers at DuPont in the
1960s and has since become an industry standard in applications
from x-ray windows to spacecraft.?> With a glass transition tem-
perature (T,) above 350°C, a tensile strength over 200 MPa, and
a decomposition temperature above 500°C, this polyimide ex-
hibits remarkable physical properties for a plastic.? However,
it has attracted our attention not only for its strength, but for the
chemical structure of the poly(amic acid) intermediate.

Synthesized from 4-aminophenyl ether and 1,2.4,5-benzene-
tetracarboxylic anhydride monomers, approximately half of the
repeat units feature the para-substituted benzene dicarboxylate
(BDC) moiety built into the polymer backbone, with the other
half containing the meta-substituted BDC from the nonselective
ring opening (Figure 2). The para-BDC group is commonly
used as a linker in MOF structures, meaning the polymer is not
only an incredible thermoplastic, but also a strong candidate for
a new method of hybridization.
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Figure 2. Structure of a poly(amic acid) intermediate, poly(pyro-
mellitic dianhydride-co—-4,4’-oxydianiline), featuring the BDC
moiety (bold) within the polymer backbone.

In this work, we report a versatile polymer-MOF hybridization
using ligand exchange between pure MOF crystals and ligand
moieties incorporated into a poly(amic acid) backbone (Figure
3). Post-synthetic ligand exchange occurs heterogeneously
when a MOF is suspended in a solution of alternate ligands.?’®
This exchange process is reversible and only requires mild re-
action conditions when labile metal-ligand bonds are present.
Studies have shown post-synthetic ligand exchange, pioneered

by Cohen et al., to be an effective strategy for MOF functional-
ization using a variety of metal-ligand combinations,” but to
the best of our knowledge it has not previously been applied to
polymeric ligands. Herein, we disclose a method in which post-
synthetic ligand exchange is used to covalently integrate
poly(amic acid) and MOF structures through the BDC moieties
in the polymer backbone. The product of this integration is a
crosslinked composite in which each junction is a MOF, allow-
ing for improvements in strength, flexibility, and stability while
retaining the porosity of the pure framework. We demonstrate
that this technique can be used to synthesize polymer-MOF hy-
brid materials from a variety of components, creating a pathway
for further evolution of functional materials.
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Figure 3. Schematic of direct integration through postsynthetic lig-
and exchange to form a crosslinked polymer-MOF network with

preserved porosity.

EXPERIMENTAL

Materials. 4-aminophenyl ether (ODA), 2-methylimidazole (2-
MIM), 1,2 4,5-benzenetetracarboxylic anhydride (PMDA), and
pyridine were purchased from Acros Organics. Zirconium tet-
rachloride and triphenylphosphine were purchased from Alfa
Aesar. Zinc nitrate hexahydrate (Zn(NOs),'6H,O) was pur-
chased from Aqua Solutions, Inc. Aniline was purchased from
Beantown Chemical. Triethylamine (TEA) was purchased from
EMD Millipore. Acetone, ethanol, and methanol were pur-
chased from Fisher Scientific. N,N-dimethylformamide (DMF)
was purchased from Macron Fine Chemicals. Oxalyl chloride
(2.0 M in CHxCl,), 4-vinylbenzoic acid (4-VBA), hexachloro-
ethane, N-methyl-2-pyrrolidone (NMP) and azobisisobutyroni-
trile (AIBN) were purchased from Sigma-Aldrich. Terephthalic
acid (H,BDC) was purchased from TCI chemicals. 4-VBA was
recrystallized from 30% ethanol in water, and AIBN was re-
crystallized from methanol. All other chemicals were used as
received without further purification.

MOF Synthesis. All MOFs were synthesized based on previ-
ously published procedures. The synthesized materials were
dried in a vacuum oven at 100°C for 24 hours and stored in a
desiccator (Drierite) until use. Structures were confirmed by
PXRD using simulated patterns from previously reported meas-
urements as reference (Figures S1-S3).

MOF-5 microcrystals.'" 3% A solution of H,BDC (2.0 g, 12
mmol) in DMF (100 mL) was added to a solution of
Zn(NOs3),'6H>0 (10.8 g,36.3 mmol ) in DMF (200 mL) ina 1-
L round bottom flask and set to stir at 120°C for 48 hours. The
reaction was cooled to room temperature and colorless crystals
were collected by vacuum filtration and washed with DMF fol-
lowed by acetone.

MOF-5 nanocrystals.32 TEA (22 mL, 1.6 g, 16 mmol) was

added to a solution of Zn(NO3),-6H,0 (1.21 g, 4.07 mmol) and
H,BDC (0.34 g, 2.0 mmol) in DMF (40 mL) over 5 minutes



with vigorous stirring. The solution was set to stir at room tem-
perature for 3 hours, after which the white precipitate was col-
lected by centrifugation and washed with DMF followed by ac-
etone.

ZIF-8.% A solution of 2-MIM (668 mg, 8.13 mmol) in DMF (40
mL) was added to a solution of Zn(NO3),"6H,O (2.68 g, 9.01
mmol) in DMF (160 mL) in a 500-mL round bottom flask and
heated to 140°C under static conditions for 24 hours. The reac-
tion was removed from heat and cooled to room temperature
and pale yellow crystals were collected by vacuum filtration and
washed with DMF followed by acetone.

Ui0-66.% Concentrated HCI (4 mL) was added to a solution of
ZrCl, (500 mg, 2 mmol) in DMF (20 mL) in a 200-mL round
bottom flask. A solution of H,BDC (500 mg, 3 mmol) in DMF
(40 mL) was added and the solution was heated to 80°C under
static conditions for 24 hours. The reaction was cooled to room
temperature and the colorless crystals were collected by vac-
uum filtration and washed with DMF followed by acetone.

Polymer Synthesis. All polymers were synthesized following
previously reported procedures.

Poly(pyromellitic dianhydride-co-4,4'-oxydianiline) (PAA).”*
33-36 A solution of ODA (2.80 g, 14.0 mmol) in DMF (10 mL)
was added to a solution of PMDA (3.05 g, 14.0 mmol) in DMF
(30 mL) and set to stir at room temperature for 24 hours. The
polymer was precipitated into methanol/brine and washed with
excess water to remove DMF. The light yellow polymer was
collected by centrifugation and dried overnight in a vacuum
oven at room temperature. 'H NMR ((CD3),S0, 25°C): § (ppm)
= 13.32 (4H, br) 10.57 (4H, br), 8.31 (1H, br), 7.97 (2H, br),
7.73 (1H, br), 7.70 (8H, br), 7.03 (8H, br). ATR-FTIR: Vpax /
cm! = 2981 (br), 1714, 1640, 1537, 1495, 1409, 1383, 1212,
1100, 1013, 872, 829, 757, 661. For synthesis of PAA at low
molecular weights, the same procedure was used as above, but
with the addition of a 0.2 molar equivalence of aniline to the
reaction solution.

Poly(dicarbomethoxyterephthalic  acid-co-4,4'-oxydianiline)
(MEPA).’% PMDA (2.0 g, 9.2 mmol) was dissolved in anhy-
drous methanol (20 mL) and set to reflux under N, for 5 hours.
The solution was allowed to cool to room temperature and sol-
vent was removed under reduced pressure to give a mixture of
meta- and para-pyromellitic acid dimethyl ester (PMDE) as a
white solid (2.6 g, 9.2 mmol, quantitative yield). "H NMR
((CD3)2S0, 25°C): 6 (ppm) = 13.82 (4H, s), 8.10 (1H, s), 8.01
(2H, s), 7.93 (1H, s), 3.84 (12H, s). PMDE (250 mg, 0.89
mmol), ODA (177 mg, 0.883 mmol), and PPh; (558 mg, 2.13
mmol) were dissolved in a mixture of pyridine (1.5 mL) and
NMP (4.4 mL). Hexachloroethane (630 mg, 2.7 mmol) was
added and the solution was set to stir at room temperature for
24 hours. The yellow-orange polymer was precipitated into 0.5
M HCI in H,O followed by pure H>O, collected by centrifuga-
tion, and dried overnight in a vacuum oven at room temperature.
'H NMR ((CD;),S0, 25°C): & (ppm) = 10.60 (4H, b7),8.29 (1H,
br), 8.06 (2H, br), 7.90 (1H, br), 7.70 (8H, br), 7.05 (8H, br),
3.83 (12H, br). ATR-FTIR: Vux / cm™! = 3255 (br), 1725, 1651,
1607, 1540, 1497, 1436, 1409, 1299, 1239, 1215, 1167, 1101,
1013, 965, 872,831,779, 722, 695, 540, 517.

Poly(4-vinylbenzoic acid) (PVBA).*** A degassed solution of
4-VBA (175 mg, 1.18 mmol) and AIBN (1.9 mg, 0.012 mmol)
in DMF (1 mL) was stirred at 70°C under N,. The reaction was
cooled to room temperature and precipitated into water. The

white polymer was collected by centrifugation and dried over-
night in a vacuum oven at room temperature. 'H NMR
((CD3)2S0, 25°C): 6 (ppm) = 7.87-7.36 (2H, br), 6.82-6.30 (2H,
br), 2.14-1.11 (3H, br). ATR-FTIR: Vma / cm’' = 2925 (br),
2655 (br), 1682, 1607, 1509, 1419, 1385, 1280, 1178, 1104,
1017, 920, 857,777,706, 671, 543.

Polymer-MOF composite synthesis. Hybrid materials were
synthesized using the following procedures. All synthesized
materials were dried under atmospheric conditions and stored
in a desiccator (Drierite) until further use.

Dynamic synthesis. Materials containing 20, 40, 60 and 80%
(w/w) MOF-5 were synthesized using MOF/polymer weight ra-
tios of 40/160 mg, 80/120 mg, 120/80 mg, and 160/40 mg re-
spectively. A solution of PAA in DMF (1.5 mL) was added to
a suspension of MOF-5 in DMF (1 mL). The mixture was set to
stir at room temperature until complete gelation was observed.
Solvent was decanted and the solid was washed with DMF and
pressed into a disk at low pressure with a Carver 3851-0 hy-
draulic press.

Static synthesis. A solution of PAA in DMF (50 mg/mL) was
added to a vial containing a slurry of MOF-5 or ZIF-8 in mini-
mal DMF (500 mg/mL). The mixture was briefly shaken on a
Scientific Instruments Vortex-Genie 2, allowed to settle, and
left to sit at room temperature for two days. A polymer-MOF
disk formed at the bottom of the vial, which was flipped and left
to sit for an additional two days before removing the disk from
solution to dry. The concentration of the remaining polymer so-
lution was determined by UV/Vis absorption and used to calcu-
late MOF loadings. The remaining solution was diluted to 25
mL, and a 0.250 mL aliquot of the dilute solution was further
diluted to 50 mL. The absorbance at 300 nm was measured and
compared to a calibration curve.

Layered-MOF static synthesis. A solution of PAA (100 mg) in
DMF (1 mL) was added to a 2-dram vial containing MOF-5
(100 mg) in minimal DMF (0.2 mL). The mixture was briefly
shaken on a vortex and left to sit at room temperature overnight.
The polymer-MOF disk was then flipped in the vial and left to
sit. After 4 hours, the polymer solution was removed from the
vial via pipette and a suspension of ZIF-8 (50 mg) in DMF (0.1
mL) was added onto the surface of the disk. The polymer solu-
tion was added back to the vial and left to sit at room tempera-
ture overnight. The disk was then removed from the vial and
left to dry in air before storing in a desiccator.

Monolith synthesis. MOF-5 or ZIF-8 was added to fill 1.5 mL
of a 2-mL vial. A concentrated solution of PAA (200 mg/mL)
was added to fill the void space and the vial was briefly shaken
on a Scientific Instruments Vortex-Genie 2 until the materials
were evenly mixed. The mixture was left to sit overnight at
room temperature. The solution was decanted and the vial was
broken to extract the polymer-MOF monolith, which was
washed with DMF and dried.

PVBA composite synthesis. A solution of PVBA in DMF (100
mg/mL) was added to a vial containing a slurry of MOF-5 or
ZIF-8 in minimal DMF (500 mg/mL). The mixture was briefly
shaken on a Scientific Instruments Vortex-Genie 2, allowed to
settle, and left to sit at room temperature. A solid disk formed,
but broke apart upon handling and could not be flipped.

MEPA control experiments. A solution of MEPA (50 mg) in
DMF (1 mL) was added to two vials containing slurries of



MOF-5 (50 mg) and ZIF-8 (50 mg), respectively, in minimal
DMF (500 mg/mL). The mixtures were briefly shaken on a Sci-
entific Instruments Vortex-Genie 2, allowed to settle, and left
to sit at room temperature. After two weeks, a solid composite
had not formed and MOF was still readily dispersed with shak-
ing.

UiO-66 control experiments. A solution of PAA in DMF (100
mg/mL) was added to a vial containing a slurry of UiO-66 in
DMF (500 mg/mL). The mixture was briefly shaken on a Sci-
entific Instruments Vortex-Genie 2, allowed to settle, and left
to sit at room temperature. After two weeks, a solid composite
had not formed and MOF was still readily dispersed with shak-
ing.

Thermal treatment. Imidization of materials was achieved us-
ing a stepwise thermal sequence modified from the literature.*
The poly(amic acid) or poly(amic acid) hybrid was heated un-
der vacuum at 100°C, 200°C, and 300°C consecutively for one
hour each. The material was allowed to cool to room tempera-
ture and stored in a desiccator until further use.

Rate study experiments. Polymer-MOF composites were pre-
pared using the static procedure at various concentrations of
PAA and MOF-5 in either microcrystalline or nanocrystalline
form. To measure concentration during a reaction, a 0.1 mL al-
iquot of solution was removed and diluted to 10 mL with DMF.
A 0.5 or 1.0 mL aliquot of the dilute solution was further diluted
to 10 mL with DMF and UV-Vis absorbance of the new dilute
solution was measured.

Stability experiments. The materials to be analyzed were re-
moved from the desiccator at one time and left to sit in a fume
hood, unsealed and exposed to atmospheric conditions. Struc-
tural degradation of MOFs and their composites was monitored
using periodic PXRD measurements.

Characterization. 'H NMR spectra were acquired using a Var-
ian INOV A 400 or 500 MHz spectrometer. Chemical shifts (3)
are reported in parts per million (ppm) referenced using the re-
sidual protio solvent peaks as internal standards. Multiplicities
are indicated as singlets (s) or broad couplings (br). UV-Vis ab-
sorption was measured using a Cary 8454 UV-Vis Diode Array
System with a 10 mm rectangular quartz cuvette. Fourier trans-
form infrared (FT-IR) spectra were acquired with a Perkin
Elmer 1760 FT-IR spectrometer with horizontal attenuated total
reflectance (HATR). Gel permeation chromatography (GPC)
was performed using two Agilent PolyPore 250x6.0 mm col-
umns at 55°C, a Waters 515 HPLC Pump and Waters In-Line
Degasser AF, and a Viscotek VE3580 RI detector. The mobile
phase was 99.5% N ,N-dimethylformamide for HPLC (Acros
Organics) with 0.01 M LiBr. Powder X-ray diffraction (PXRD)
patterns were collected from a Rigaku Ultima IV system
equipped with a Cu source (0.15418 nm Ka) and operated at
1.76 kW power (40 kV, 44 mA). Diffraction patterns were
measured over a range of 5 to 35° 26 at a scan rate of 2°/min

Thermogravimetric analysis (TGA) was performed on a TA In-
struments DSC SDT Q600 at a heating rate of 10°C/min from
30-900°C under constant N, flow (100 mL/min). Glass transi-
tion (T,) temperatures were determined by differential scanning
calorimetry (DSC) using a TA Instruments DSCI Q200. Sam-
ples were scanned under argon flow (50 mL/min) in three cycles
over a range of 40-500°C at a heating rate of 10°C/min. Focused
ion beam scanning electron microscope (FIB-SEM) images
were captured using a Carl Zeiss AURIGA CrossBeam FIB-

SEM. Samples were gold-coated for 120 seconds using an SPI
Module sputter coater and scanned at a 2 keV accelerating volt-
age. N, adsorption measurements were obtained using a Mi-
cromeritics Tri-Star II surface area and porosity analyzer at 77K
over a relative pressure range of 0.001-0.95 p/po. Before analy-
sis, samples were degassed overnight at 150°C on a Micromerit-
ics VacPrep 061 sample degas system. BET surface area was
calculated following the Roqueron criteria and IUPAC guide-
lines.

RESULTS AND DISCUSSION

Component selection and synthesis. For a strategic investiga-
tion of post-synthetic exchange hybridization, we selected three
of the most well studied MOFs in the literature, MOF-5, ZIF-8,
and UiO-66, based on their structural components, physical
properties, and facile, cost effective synthetic methods. MOF-5
consists of Zn4O tetrahedral clusters linked through BDC lig-
ands in a cubic structure with 15.1 A and 11.0 A pore volume
diameters and an 8.0 A pore aperture diameter (Figure 4a).’-*!

Figure 4. Structural compositions of (a) MOF-5 (CCDC no.
256965), (b) ZIF-8 (CCDC no. 602542), and (c) UiO-66 (CCDC
no. 733458). SEM images of (d) microcrystalline MOF-5, (e) nano-
crystalline MOF-5, (f) ZIF-8, and (g) UiO-66.

For comparison, ZIF-8 also contains Zn>* ions, but uses 2-
MIM linkers to achieve a sodalite topology with 11.6 A pore
diameter and a 3.4 A pore aperture diameter (Figure 4b).*> 42
Ui0O-66 contains the same BDC linker as MOF-5, but connected
to 12-coordinate ZrsO4(OH)4 clusters in a face-centered cubic
packing arrangement, with 7.5 A and 12 A pore diameters and
a 6.0 A pore aperture (Figure 4c¢). 4

Following previously reported procedures, each of the three
MOFs was obtained in a nanocrystalline form as identified
through scanning electron microscopy (SEM) images (Figure
4e-g), and the structures were confirmed using powder X-ray
diffraction (PXRD, Figures S1, S2, S3). MOF-5 was also syn-
thesized in a microcrystalline form (Figure 4d). Slight varia-
tions were observed in the diffractogram peak intensities of
MOF-5 nanocrystals and microcrystals due to the presence of
small zinc impurities throughout the pore volume, which is a
common effect of the direct mixing synthetic strategy and does
not affect the bulk framework structure.*>



Scheme 1. Synthesis of PAA as a copolymer containing both
meta- para-substltuted BDC units.
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Poly(amic acid) (PAA) was synthesized via simple step-
growth polycondensation of equimolar amounts of pyromellitic
dianhydride and 4,4’-oxydianiline (Scheme 1). Based on GPC
analysis, the resulting polymer had a molecular weight M, =
239.5 kDa (relative to PEO standard) and dispersity My/M; =
2.09. (Figure S7, Table S1). A near 1:1 ratio of meta and para
substituted BDC units was revealed by integration of 'H NMR
peaks at 8.31 ppm (meta substitution), 7.97 ppm (para substi-
tution) and 7.70 ppm (meta substitution) (Figure S4). Although
the para substituted BDC unit is of particular interest as a MOF
ligand, it should be noted that the meta substituted BDC moiety
is also a common coordinating ligand and may be of interest as
well. The broad distribution of molecular weight is an effect of
the step-growth kinetics, as expected. More importantly, the
high molecular weight of the polymer demonstrates that this
polymerization effectively reaches very high conversions, al-
lowing for control of molecular weight through monofunction-
alized additives. Consequently, addition of aniline during
polymerization led to the synthesis of PAA with a low molecu-
lar weight M, = 4.6 kDa (relative to PEO standard) and disper-
sity Mw/M, = 1.63 (Figure S7, Table S1). Overall, the compo-
nent materials for this hybridization method can be obtained
through facile synthetic methods using inexpensive starting ma-
terials for efficient manufacturing.

Synthesis of polymer-MOF hybrid composites. Though the
ideal procedure for ligand exchange involves elevated temper-
atures, the reaction conditions for this system are limited by the
chemical properties of PAA. When heated, the polymer begins
to imidize in solution, which not only further decreases its low
solubility, but also eliminates the BDC groups needed for inter-
action with MOF crystals. Therefore, all of the polymer-MOF
hybrid materials were prepared in DMF at room temperature.

Figure 5. Progressive images of stirred composite formation. Vari-
ous phases of aggregation are visible, as well as loss of yellow color
in the solution.

By stirring a suspension of free MOF in the PAA/DMF solu-
tion, a single solid composite material formed (referred to as the
“stirred” composite). The original solution was yellowish and
turbid, the color coming from the dissolved polymer, while tur-
bidity originating from the dispersed MOF crystals. As the solid
composite formed, the solution changed from turbid yellow to

clear and colorless, suggesting that both polymer chains and
MOF crystals were being integrated into the structure (Figure
5). Separate composites were synthesized using PAA with ei-
ther high or low molecular weights. Under static conditions, the
MOF crystals were allowed to settle, and a composite (referred
to as the “static” composite) formed in the shape of the bottom
of the reaction vessel, e.g. a circular disk at the bottom of a vial.
Similarly, a monolith composite can be formed in any shape by
filling a mold with MOF powder and saturating the void space
with polymer solution. These static methods grant more repro-
ducible control over the shape of the synthesized composites,
but require more time for full hybridization. Though stirred
composites are fully formed within 24 hours, several days or
even weeks may be necessary for maximum polymer incorpo-
ration under static conditions. The resulting materials demon-
strate the rigid strength of PAA as well as low densities relative
to the MOF loading percentage, ranging from 5-80%.

Polymer-MOF integration was observed using SEM imaging
(Figure 6e-h). The preservation of MOF structural integrity af-
ter hybridization was confirmed using PXRD (Figure 6i) and
the crystalline facets of particles were clearly visible throughout
the composite cross-section, though they were surrounded by
the amorphous polymer.
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Figure 6. Optical (a-d) and SEM (e-h) images of pure PAA (a, e),
stirred MOF-5/PAA (b, f), static MOF-5/PAA (c, g), and MOF-
5/PAA monolith (d, h). All composites shown are at ~80% MOF
loadings. i) PXRD diffractogram of pure PAA (blue), free MOF-5
(black), and MOF-5/PAA (red).

Because the polymer is soluble in DMF, the presence of poly-
mer chains in the composite material necessarily implies struc-
tural interaction between the chains and MOF particles. SEM
analysis revealed the presence of polymer coating on individual
crystals that had been removed from solution and washed with
DMF before a solid composite had formed (Figure S8). There-
fore, we propose a mechanism for this hybridization method
wherein the first step involves ligand exchange between indi-
vidual MOF crystals and free polymer chains (Figure 7).



As the BDC units of PAA exchange with the unfunctionalized
MOF ligands, each crystal surface quickly becomes coated with
polymer chains. Once tethered, a polymer chain will then un-
dergo ligand exchange at a second coordination site. As single
polymers begin coordinating to multiple crystals, the result is a
crosslinked network of MOFs connected through a PAA ma-
trix. In contrast to mixed matrix membrane synthesis through
solution film casting and solvent evaporation, this method al-
lows for a controlled dispersion of MOF throughout the com-
posite.
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Figure 7. Cartoon of proposed mechanism for hybridization
through ligand exchange between MOF crystals and polymer
chains.

Mechanistic studies. To confirm that the polymer-MOF inter-
actions are coordination-based rather than physisorption, a con-
trol polymer, poly(dicarbomethoxyterephthalic acid-co-44'-
oxydianiline) (referred to as “methyl ester polyamide or
MEPA) was used for the hybridization procedure instead of
PAA. The structure of MEPA is similar to that of PAA, but is
methylated to block coordination at the carboxylate sites (Fig-
ure 8, '"H NMR spectrum in Figure S5). When left to sit or stir
for over two weeks with each of the three MOFs, in no case was
there sufficient interaction between the polymer and MOF to
form a solid composite. The size and rigidity of the polymer
chains likely prevents them from fitting inside the MOF pores
so neither surface exchange nor host-guest interactions are pos-

sible.
COOCH,
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Figure 8. Structures of MEPA, with methyl ester functionalizations
to block coordination at the dicarboxylates, and PVBA, with a sin-
gle benzene carboxylate at each repeat unit.

Poly(4-vinylbenzoic acid) (PVBA) was used as a control poly-
mer with a benzene carboxylate coordination site at each repeat
unit, but without the dicarboxylate functionality (Figure 8, 'H
NMR spectrum in Figure S6). Using suspensions of MOF-5 in
a PVBA/DMF solution, a composite material was obtained. The
solid was very fragile compared to the PAA composites, likely
due to the weaker physical properties of the polymer itself as
well as weaker polymer-MOF interactions because the mono-
carboxylate cannot fully replace the parent dicarboxlyates, only
binding through one site. Monofunctionalized ligand substitu-
tion has been shown to cause structural defects and disorder in
MOFs*%°, which likely weakens the crystal structure signifi-
cantly and limits the mechanical properties of the composite.
Nonetheless, the successful hybridization of both PAA and
PVBA along with the failed hybridization of MEPA supports a
coordination-based ligand exchange mechanism. Moreover, the
coordination of PVBA to MOF crystals suggests that both para
and meta substituted BDC units in PAA may contribute to pol-
ymer-MOF integration, rather than only para substituted units.

The structures of MOF-5, ZIF-8, and UiO-66 are particularly
useful for investigating the effects of different coordination en-
vironments on polymer-MOF hybridization. The remarkable
water stability of UiO-66 is attributed to the higher oxidation
state of Zr** and the inert Zr-carboxylate bonds,’!**? in contrast
to the more labile Zn-carboxylate or Zn-imidazolate bonds.*%>*
3 Consequently, the postsynthetic ligand exchange studies per-
formed by Cohen et. al. demonstrate low exchange percentages
for UiO-66 particles suspended in free ligand solution for 5 days
at room temperature.?® Higher exchange percentages were re-
ported at elevated temperatures; however, the temperature for
exchange with PAA must be kept at room temperature to pre-
vent imidization (while the onset temperature for imidization in
the solid state is around 150°C, in solution and in the presence
of additives it can occur at much lower temperatures®). Addi-
tionally, the rate of exchange between PAA and UiO-66 is
likely even lower due to limited mobility of the polymer chains
relative to free small-molecule ligands. Successful crosslinking
of MOFs not only requires close proximity of particles, but cor-
rect orientation of polymer chains to reach more than one parti-
cle at once. If the rate of exchange is lower than the rate of dif-
fusion, it is unlikely that hybridization through crosslinking will
occur.

ZIF-8/PAA
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Figure 9. PXRD diffractograms of ZIF-8 (bottom) and ZIF-8/PAA
(top).

Probing further, ZIF-8 was used to study the importance of
MOF geometry for ligand substitution. ZIF-8 contains Zn?*
ions at its nodes similarly to MOF-5, but the nodes are closer
together due to the smaller size and coordination angle of the 2-
MIM ligand compared to BDC. Despite this geometry differ-
ence however, ZIF-8/PAA composites were successfully syn-
thesized with the ZIF-8 structure intact as confirmed by PXRD
(Figure 9). On the other hand, UiO-66, which contains BDC
ligands connected by zirconium-based nodes, did not form a
composite under any conditions.

These findings align with known behaviors of MOF ligand ex-
change. It is unlikely that a BDC ligand would exchange per-
fectly with 2-MIM; however, it is possible for a carboxylate to
exchange and coordinate partially at the MOF surface, tethering
polymer chains through surface modifications similar to those
observed using monofunctionalized ligands.® Therefore,
MOF-5/PAA and ZIF-8/PAA hybridizations yield similar
composites because they both involve BDC/Zn?*" coordination
and similar exchange rates. These ligand exchange trends not
only further support the hypothesis that the hybrid materials
form through a postsynthetic exchange mechanism, but also
demonstrate that the method is applicable to a wide range of
framework types.



Due to the heterogeneous and dynamic nature of the ligand
exchange method, the hybridization process allows for contin-
ued modification beyond initial fabrication. Even after a com-
posite is fully formed and saturated with polymer, it is possible
to add additional MOF particles to continue crosslinking, form-
ing MOF-dense and polymer-dense layers. As a proof-of-con-
cept experiment, a MOF-5/PAA static disk was formed using
the typical method. After sitting in solution for one day, ZIF-8
particles were added to the vial and allowed to settle on top of
the disk. As expected, ZIF-8 tethered to PAA on the disk sur-
face as new polymer chains were incorporated from solution to
form a MOF-5/ZIF-8 bilayer composite with PAA (Figure 10).

ZIF-8 layer

—.._-_
—_—

MOF-5 layer

Figure 10. SEM image of MOF-5/ZIF-8 bilayer composite with
PAA at 100x magnification, with insets showing optical images
and increased magnification at each layer.

To further investigate the hybridization behavior, rate studies
were performed using varying polymer and MOF initial con-
centrations. Rates were observed by monitoring the concentra-
tion of residual PAA in DMF solution throughout static com-
posite formation using UV-Vis absorption spectroscopy. As
shown in Figure 11, a clear increase in reaction rate was ob-
served when the concentration of MOF was increased at con-
stant PAA concentration. When keeping MOF concentration
constant and varying PAA concentration, no significant change
in rate was observed. Additionally, the timescales of the synthe-
ses should be noted, as different sizes of MOF-5 crystals were
used. When microcrystalline MOF-5 was used, the reaction
reached equilibrium in no less than 16 days at the highest MOF
concentration. Using nanocrystalline MOF-5 however, equilib-
rium was achieved within two to three days.

Given that the smaller crystals have a much higher external
surface area, these combined results suggest that the rate is not
necessarily dependent on the number of MOF crystals explic-
itly, but rather the total number of exchangeable ligand sites.
Furthermore, the rate is not dependent on polymer concentra-
tion, therefore implying that the slow step in polymer integra-
tion is dissociation of the original MOF ligands, with polymer
coordination happening readily.
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Figure 11. Change in residual PAA concentration over time at (a)
varying initial microcrystalline MOF-5 concentrations, and (b) var-
ying initial PAA concentrations using nanocrystalline MOF-5.
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Through these concentration experiments, it was also observed
that some of the reactions approach similar final PAA concen-
trations of 5 mg/mL or less, yet others equilibrate at higher PAA
concentrations. It seems that a lower limit for MOF loadings in
the static composite materials exists between approximately 40-
50%. If the initial amount of MOF-5 is above this percent range,
then almost all of the polymer will eventually become inte-
grated. Below a 40% initial MOF loading, we expect that there
are too many polymer chains for the available coordination sites
and the reaction equilibrates when the maximum number of
chains has been incorporated. For decreased loadings, the use
of stirring further breaks down MOF crystals to increase surface
area until all polymer has been incorporated, allowing for syn-
thesis of composites with loadings as low as 10%. Based on
these mechanistic properties, we have concluded that the ligand
exchange method is not only effective for polymer-MOF hy-
bridization, but that the synthesis is controlled and reproducible.
By strategically varying the ratios of MOF, polymer, and sol-
vent, composites can be formed at specific loadings in a desired
amount of time.

Thermal imidization. A particularly unique feature of the
poly(amic acid) system is the ability to convert the polymer to
the polyimide (PI) form at any point simply by using a thermal
treatment. Such a quality is appealing because it allows for the
synthesis of materials with increased strength and stability
which would not otherwise be processable due to insolubility.2®
Through the soluble poly(amic acid) intermediate, these mate-
rials can be cast or molded before carrying out the imidization
process. In addition to its inclusion of a BDC moiety, this sys-
tem is attractive for polymer-MOF hybridization because the
solution phase PAA can be integrated with MOF crystals in the
desired form, then heated to imidize the non-coordinated poly-
mer repeat units, theoretically improving the properties of the
composite even further. To imidize the materials, a stepwise
curing procedure was used in which samples were heated under
vacuum at 100°C, 200°C, and 300°C for one hour each. Con-
version of MOF-5/PAA to MOF-5/PI was confirmed using at-
tenuated total reflectance-Fourier transform infrared spectros-
copy (ATR-FTIR) (Figure S9, S10). Analysis is made more dif-
ficult due to overlap with MOF-5 peaks, but the appearance of
peaks at 1775 cm! (imide C=0 stretch) and 725 cm™! (imide
ring deformation) as well as the loss of peak resolution at 1550
cm! (C-NH stretch) clearly identifies the new presence of imide
groups. Furthermore, the structural integrity of MOF-5 was
evaluated using PXRD after imidization (Figure S1). As ex-
pected given the thermal stability of the MOF, no significant
changes in the powder pattern were observed, thus confirming
the successful synthesis of a MOF-5/PI hybrid composite.



Physical properties of hybrid composites. Once synthesized,
the polymer-MOF materials were analyzed for improvements
in bulk physical properties compared to the original compo-
nents. Thermogravimetric analyses (TGA) showed no signifi-
cant changes in thermal stability after hybridization, with fea-
tures of both the polymer and MOF components present in the
thermal curves for each composite (Figure S11, S12, S13).
Likewise, differential scanning calorimetry (DSC) curves did
not show significant changes in polymer T, after MOF incorpo-
ration (Figure S14).

To measure the ambient stability of the composites, samples
were exposed to atmospheric humidity for an extended period
of time and structural changes were monitored using PXRD
(Figure 12a). Zeolitic frameworks such as ZIF-8 are known for
their robust stability in humid air due to the Zn-N bond
strength *> MOF-5, however, is greatly limited by hydrolytic in-
stability and can show signs of structural degradation within
minutes of exposure to atmospheric moisture.”’

Within a full day of exposure, we observed total irreversible
degradation in pure microcrystalline MOF-5, as indicated pri-
marily by the characteristic disappearance of the peak at
26=06.8° and the shift of a major peak from 26=9.6° to 26=9.0°.
When integrated into a polymer hybrid at a MOF loading of ap-
proximately 80%, MOF-5 structural stability increased remark-
ably, with no appearance of degradation peaks for up to at least
20 days.
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Figure 12. PXRD diffractograms of (a) fresh MOF-5, (b) MOF-5
exposed to humid air for 2 days, (c) MOF-5/PAA exposed to hu-
mid air for 20 days. (d) MOF-5/PI exposed to humid air for 12
days, () MOF-5/PI exposed to humid air for 20 days, and (f) SEM

image of MOF-5/PI surface showing cracks in crystals.

Interestingly, the imidized samples consistently demonstrated
lower stability than those which were not imidized, with degra-
dation occurring between 12 and 20 days. Although this result
is unexpected based solely on the increased rigidity and hydro-
phobicity of the polyimide chains, SEM images of the imidized
samples reveal large cracks throughout the material. It is thus
possible that as the chains imidized and become locked into new
conformations, they physically pull on the crystals to which
they are tethered, forming cracks which allow exposure of
MOF-5 to moisture (Figure 12b). The materials were also tested
for stability when fully submerged in water; however, full deg-
radation was observed within a day under such high exposure.

Arguably one of their more important physical properties, po-
rosity contributes significantly to the functionality of metal-or-
ganic frameworks. A major disadvantage to many methods of
MOF hybridization is the pore-filling effect from introducing
new large molecules into the free volume, decreasing the
amount of space available for host-guest interactions.!” To test

whether or not the MOF pore structures are affected by PAA
integration, N, adsorption experiments were used to measure
the surface areas of pure MOFs and their respective hybrid com-
posites (Figure 13, S15, S16). The BET surface area of micro-
crystalline MOF-5 powder was calculated to be 588 m?g™!, con-
sistent with the direct mixing synthetic route.*> For a microcrys-
talline MOF-5/PAA disk at 77% MOF loading, a BET surface
area of 452 m?g’! was measured. When weight fraction of MOF
within a composite is taken into account, the MOF surface area
normalizes to 587 m%g™!, suggesting a 99.8% retention of poros-
ity during hybridization. This level of porosity preservation is
unprecedented, and is likely due to the large size of PAA chains,
which prevents them from entering MOF pores and limits lig-
and exchange to the crystal surface.
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Figure 13. N2 adsorption-desorption isotherms of microcrystalline
MOF-5 (top) and MOF-5/PAA composites (bottom) at 77% MOF
loading.

More significant decreases in surface areas were observed in
composites using nanocrystalline MOFs. The BET surface area
of pure ZIF-8 was calculated to be 1016 m?g!, while the BET
surface area of a ZIF-8/PAA composite at 69% MOF loading
was calculated to be 435 m?g’!, or 630 m?g"! normalized for ZIF-
8. For nanocrystalline MOF-5, a decrease in BET surface was
observed from 1119 m?g™! for the pure MOF to 51 m?g™!, or 102
m?g! normalized, for a composite material at 50% loading.
Given that the ZIF-8 crystals are smaller than microcrystalline
MOF-5 by at least an order of magnitude, and the nanocrystal-
line MOF-5 crystals are smaller than ZIF-8 by at least an order
of magnitude, these decreases in surface area suggest that the
available porosity of these polymer-MOF composites is influ-
enced by the size of the MOF crystals. Even with surface-lim-
ited interactions, the loss of any porosity near the crystal surface
may become more relevant at nanometer scales. Additionally,
SEM images of composites formed under static conditions from
nanocrystalline MOF-5 reveal smooth spherical features
throughout the material (Figure 14a). Cross-section images
show that these features are actually pod-like structures contain-
ing clusters of MOF crystals surrounded by a polymer-dense
coating which likely blocks external access to the MOF pore
volume (Figure 14b). These findings demonstrate the im-
portance of MOF crystal size for designing high porosity hybrid
composites, while further investigations are necessary to eluci-
date the role of MOF size in the material morphology and to
optimize the available surface area.



Figure 14. SEM images of nanocrystalline MOF-5/PAA composite
at 50% MOF loading. (a) surface image showing spherical features,
and (b) cross-section showing pod-like structures of MOF crystals
surrounded by polymer-dense coating.

CONCLUSIONS

Hybrid PAA-MOF composites have been synthesized at MOF
loadings as high as 80% using postsynthetic ligand exchange
methods to incorporate polymer chains into framework struc-
tures. Synthesis has been achieved using both microcrystalline
and nanocrystalline MOF-5 as well as ZIF-8, though compo-
sites incorporating UiO-66 failed to synthesize due to the lower
exchange rates of the zirconium nodes. The reaction is inde-
pendent of concentration of polymers, while the rate is highly
dependent on the number of exchangeable ligand sites at MOF
surfaces, controlled by particle size and concentration. These
novel materials have demonstrated nearly full preservation of
MOF porosity, as well as hydrolytic stability for at least twenty
days. This versatile method for the fabrication of monolithic
polymer-MOF composite opens new avenues for the further de-
velopment of a vast library of functional hybrid materials.
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