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ABSTRACT: Metal—organic framework (MOF)—polymer hybrid
materials have been investigated for use in personal protective
equipment (PPE) for combating chemical threats. However, few of
these composite materials have demonstrated the desired process-
ability or balance of strength and ductility suitable for modern textiles.
In this work, a poly(urethane urea) (PUU) polymer was synthesized
to mimic solution-processable spandex for MOF composites that have
combined advantages for both the force the composite can withstand
(strength) and the ability of the material to deform under strain
(ductility). UiO-66/PUU mixed matrix membranes (MMMs) with up
to 50 wt % UiO-66 MOF showed both high strength and ductility.
UiO-66 and UiO-66-NH, MMMs with PUU mechanically out-
performed previously studied S0 wt % MOF/poly(vinylidene
difluoride) (PVDF) MMMs. Testing of MMMs against the chemical warfare agent simulant dimethyl-4-nitrophenylphosphate
(DMNP) revealed that the polymer plays an important role, with UiO-66-NH,/PUU MMM showing the fastest hydrolysis rate.
Ductile fibers of 50 wt % UiO-66 and UiO-66-NH, PUU composites were successfully prepared and showed remarkable handling
properties and activity toward DMNP hydrolysis with 50 wt % UiO-66-NH,/PUU fibers performing better than any of the MMMs
tested. These MOF—polymer composites could also be electrospun into nanofiber mats, which further illustrates the diverse range of
processing techniques available for these materials.
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Bl INTRODUCTION significant limitations for using MOFs to replace porous
carbons used in PPE."’

Polymer composites of MOFs have been explored as more
suitable form factors for adapting MOFs to PPE such as
uniforms, protective suits, masks, gloves, and boots."?7%
MOF composites that protect against chemical threats have
been prepared using atomic layer deposition-coated (ALD)
nanofibers,”””* mixed matrix membranes (MMMs),”"*>*¢
electrospun nanofibers,””*”** and postsynthetic polymeriza-
tion (PSP)."” However, many of these composites, particularly
those with the highest TIC uptake or best CWA degradation
activity, are not mechanically robust. Some key metrics for
evaluating PPE composites are yield strength—the maximum
stress a material can withstand without undergoing plastic
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ZrsO4(1,4-benzenedicarboxylate)s) and its derivatives have
been demonstrated as protective materials against NHj,'®
ClL,"” and a variety of nerve agents.18 However, MOFs like
UiO-66 are synthesized as free-flowing powders that require
strategies to effectively integrate them into PPE applications.
The lack of mechanically robust composites is a bottleneck for
the implementation of MOFs and is among the most

Metal—organic frameworks (MOFs) have been explored for
the next generation of sorbents and catalysts for personal
protective equipment (PPE).'”> MOFs are two- and three-
dimensional (3D), crystalline, porous solids that possess high
surface areas (many >2000 m?/g) and tunable chemical
functionalization.”” Several MOFs have been shown to absorb
and break down toxic industrial chemicals (TICs) and
chemical warfare agents (CWAs) more effectively than the
state-of-the-art porous carbons used in conventional filter and
PPE technologies.é’7 Compared to other materials, such as
metal oxides,”” zeolites,'” and porous polymers,"' MOFs
provide the best broad-spectrum protection against a series of
CWAs and TICs.*”"?
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to be realized.”” ' In one study, the combination of two
brittle polymers, Polymer of Intrinsic Microporosity-1 (PIM-1)
and polyacrylonitrile (PAN), with UiO-66-NH, resulted in a
material with an elongation at break of 34% and an ultimate
tensile strength of 0.72 MPa.”’ This material has accessible
porosity but does not have the toughness necessary for the
mechanical challenges expected for protective textiles. An
example of a composite with improved mechanical properties
uses modified HKUST-1 in 20 wt % MOF poly(styrene-block-
ethylene-ran-butylene-block-styrene) (SEBS) that shows an
elongation at break of 550% and an ultimate tensile strength of
8.5 MPa.”> While these materials have good mechanical
properties at low MOF loadings, microscopy shows gaps
between the MOF and the polymer that would make higher
loading composites much more brittle.”> To overcome these
limitations, the matrix polymer must be selected to have
sufficient ductility and also appropriate interactions with MOF
particles that balance a close interface without pore blockage.
The goal of the study presented here is to create a MOF—
polymer composite that maximizes MOF performance bal-
anced with mechanical properties.

Poly(urethane urea)s (PUUs) combine the ductility of
polyurethanes and long polyol chains with strength resulting
from interchain hydrogen bonding from urea functional
groups. For this reason, PUUs are the most common synthetic
polymers in flexible athletic apparel, commonly known as
spandex or elastane.”® In this work, PUU (Figure 1) was
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Figure 1. Top: general overview of the poly(urethane urea) (PUU)
polymer. Bottom: scheme representing the MOF—PUU composites.

synthesized and MOF—polymer composites were made with
various MOF loadings. UiO-66 was used as a model system
and MMMs of PUU were fabricated successfully with up to 50
wt % MOF. These materials displayed excellent mechanical
properties and maintained a high degree of flexibility with
added strength from the MOFs that act as both an active
material and a filler. The PUU composites were tested for
CWA simulant degradation and compared to equivalent
MMMs made with poly(vinylidene difluoride) (PVDF).
PUU composite fibers were spun with UiO-66 and UiO-66-
NH, at 50 wt % and despite the high MOF content could be
easily handled while also showing activity toward CWA
simulant degradation. Using electrospinning, 20 wt % MOE/
PUU nanofiber mats were made with good dispersions of both
UiO-66 and UiO-66-NH, to further showcase the ability to
process these composites into multiple form factors. These
MOF/PUU composites provide an adaptable platform for
functional PPE.
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B METHOD SECTION

Synthesis of the Poly(urethane urea) Polymer.
Polytetrahydrofuran (polyTHF, M, = 2000 g/mol, 10.0 g
5.00 mmol) was added as a solid to a 250 mL round-bottom
flask, dissolved in N,N-dimethylacetamide (DMAC, dried over
molecular sieves) (10.0 g) and stirred under an Ar atmosphere
at 80 °C for 10 min. To this, 4,4"-methylene diphenyl
diisocyanate (MD], 2.55 mg, 10.0 mmol) was added in 5.0 mL
of DMAC and stirred (>500 rpm) for an additional 10 min. To
catalyze the reaction, 2.50 mL of a 0.1 wt % stannous octoate
(5.35 umol) solution in CHCI; was added and the reaction
was stirred at 80 °C for 3 h. If necessary, DMAC (5—10 mL)
was added to dilute the solution to allow for continuous
stirring. After 3 h, the solution (termed the “prepolymer”) was
diluted with 20 mL of DMAC and then ethylene diamine (334
uL, 5.00 mmol) in 10 mL of DMAC was added to the reaction
mixture. Polymerization occurred upon addition and was
complete in <20 min. Note, depending on the efficiency of
stirring, more DMAC (10—50 mL) may be required to
solubilize the final polymer. The final polymer was precipitated
in 1 L of EtOH and washed with EtOH (2 X 800 mL) and
dried at 60 °C for 12 h under vacuum.

MOF/PUU MMM Fabrication. UiO-66 and UiO-66-NH,
were synthesized according to literature procedures (see the
Supporting Information).>**> The MOF (100—300 mg) was
dispersed in an ethyl acetate solution (~8 mL) via sonication.
Note, preparation of the MOF materials for making high-
quality MMMs was achieved by grinding the MOF powders
with a mortar and pestle followed by sonication of the ground
samples. The ground MOF samples were transferred to a glass
vial that was placed in the center of a Branson 2800 sonicator
bath and sonicated at full power for 30 min. A 15 wt % PUU
solution in DMAC was added to yield corresponding wt %
MMMs (e.g,, for a SO wt % UiO-66 MMM, 150 mg of UiO-66
was combined with 1.0 g of the polymer solution). The MOF
and polymer solutions were thoroughly mixed in a sonication
bath for 1 h. The resulting “ink” was then subjected to rotary
evaporation to remove the ethyl acetate and concentrated to a
honey-like viscosity. The MOF—polymer solution was then
transferred to a substrate, either aluminum foil or glass, and
then cast using a drawdown method with a doctor blade set to
a height of 950 pm at a speed of 25 mm/s. The cast films were
then cured at 65 °C in a preheated oven under a thin-neck
glass funnel for 12 h. After cooling, ~2 mL of iPrOH was
dropped on the films to induce swelling and the films were
delaminated with tweezers and allowed to dry.

Tensile Testing. Tensile measurements were carried out
on 15 mm X 40 mm rectangular films with the thickness and
the width recorded in the center of the film. Sample
thicknesses were measured using a Mitutoyo digital micro-
meter (0—25 mm range, 0.001 mm resolution) for films (~60
to 100 pm) and using cross-sectional images from a scanning
electron microscope (SEM) for fibers (~300 pm). The
samples (3—4 segments from the same film) were acquired
using a CellScale UniVert mechanical testing apparatus with a
100 N load cell for films and a 10 N load cell for fibers at an
extension rate of 0.17 mm/s, a preload of 0.2 N, and a
sampling rate of 15 Hz to generate stress—strain curves. Yield
strength, ultimate tensile strength, elastic modulus, elongation
at break, and toughness were calculated using MS Excel (see
Supporting Information for details).
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Screening of MMMs for DMNP Hydrolysis. Membranes
(~12 mm X 8 mm, prepared and measured in triplicate for
each sample) were inserted into 3D printed plastic holders’®
and placed in individual wells of an Olympus Plastics clear, flat-
bottom 24-well assay plate. To avoid beam blockage, a small
rubber o-ring was used to keep the membrane in place along
the wall of the well. A buffer solution (2 mL of 20 mM N-
ethylmorpholine, pH = 8.0) was added to each well. A solution
of dimethyl-4-nitrophenylphosphate (DMNP, 20 L of 25 mM
MeOH) was added and the appearance of p-nitrophenoxide
was monitored at A, = 407 nm, every 12 s for 30 min. Slopes
were calculated from the linear region of each plot (typically at
200—800 s) and normalized by the mass of the membrane.

MOF/PUU Fiber Spinning. Similar to the MMMs
described above, 100—300 mg of the MOF was dispersed in
an ethyl acetate solution (~8 mL) via sonication. A 15 wt %
PUU solution in DMAC was added to yield corresponding wt
% fibers. The resulting ink was then subjected to rotary
evaporation to remove the ethyl acetate and concentrated to a
honey-like viscosity. The MOF—polymer solution was then
taken up in a 1 mL syringe fitted with a 0.9 mm X 100 mm,
blunt tip needle and secured to a syringe pump. The end of the
needle was bent slightly and immersed (~1 cm deep) ina 1L
water bath at room temperature. The syringe pump was set to
0.6 mL/h and the MOF—polymer solution was injected into
the water bath, and the resulting fiber was collected by
wrapping around a large beaker. The fibers were dried at 65 °C
in a preheated oven for 12 h.

MOF/PUU Electrospinning. The MOF (120 mg) was
dispersed in 5 mL of DMF in a 20 mL scintillation vial and
sonicated for S min using a probe sonicator. Next, PUU (500
mg) was added to the vial, and the mixture was magnetically
stirred for 72 h. The solution was loaded into a 6 mL plastic
syringe and transferred to a programmable floor-stand MSK-
NFES-4 electrospinning unit (MTI Corporation). An electric
field of 15 kV was applied across an ~10 cm gap between a 20-
gauge hypodermic needle and a stainless steel cylinder with an
aluminum foil covering. Spinning was conducted at a solution
flow rate of 1 mL/h for 15 min.

B RESULTS AND DISCUSSION

MOF/PUU Composites. To emulate the mechanical
properties of a commercial spandex polymer, solution-
processable poly(urethane urea) (PUU) was synthesized.
Narrow dispersity poly(tetrahydrofuran) with an M,, of 2000
g/mol (polyTHF,y, P = 1.34; Figure S1) was mixed with
4,4’'-methylene diphenyl diisocyanate in a 1:2 ratio to afford a
prepolymer (Figure 1 and Scheme S1). This prepolymer was
then combined with 1 equiv of ethylenediamine to chain
extend the prepolymer into the final block polymer. The final
PUU polymer had a number average molecular weight (M,) of
~80 000 g/mol relative to polystyrene standards (Scheme S1,
Figure S1, and Table S1). The polymer formed rubbery
masses, but could be dissolved in DMAC and cast to obtain
clear, flexible films that were stretchable in all directions and
could be extended multiple times their initial length (Figure S2
and Video S1).

Encouraged by the handling of the polymer films, MOF—
polymer MMMs were made through casting UiO-66-based
inks of various wt % (20—S0 wt %). The MOF was well
dispersed in the resulting translucent films (thickness of 60—
100 pm; Table S2) as evidenced by the scanning electron
microscopy (SEM) images of 40 and 50 wt % MMMs and
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PXRD of all MMMs (Figures 2 and S$S3—SS). Thermal
gravimetric analysis (TGA) demonstrated that the SO wt %

Figure 2. Top: cross-sectional SEM images of a pure PUU film (left)
and 50 wt % UiO-66/PUU MMM (right). Bottom: photographs of 50
wt % UiO-66 being twisted, folded, and stretched.

MMM is stable up to at least 150 °C (Figures S6—S8). These
materials could also be twisted, folded, or stretched in all
directions without breaking or cracking, clearly adopting many
mechanical properties of the parent polymer (Videos S2—S3).

Three ligand-modified UiO-66 MOFs were synthesized with
2-amino-1,4-benzenedicarboxylate (NH,-bdc*~), 2-nitro-1,4-
benzenedicarboxylate (NO,-bdc*”), and naphthalene-1,4-
dicarboxylic acid (Naph-bdc®™) to explore the compatibility
of different MOFs with these composites. The incorporation of
Ui0-66-NH,, UiO-66-NO,, and UiO-66-Naph into 50 wt %
MMMs was successful (Figures S2 and S9), showing that the
PUU polymer is compatible with different MOFs.

The composites were found to have no Brunauer—Emmett—
Teller (BET) surface area as prepared (Table S3), indicating
that the MOF pores are not accessible to N, gas in these
MMMs under these experimental conditions. It is possible that
the pores of the MOF could be infiltrated partially by polyol
chains as shown in other MOF—polymer systems,”” but the
bulk of the phenyl rings on rigid blocks should prevent full
polymer impregnation into the MOF pores. Another
hypothesis to explain the lack of porosity of these composites
is that at the subambient analysis conditions (77 K) of the gas
sorption experiment, the polymer freezes, creating a gas-
impermeable barrier on the MOF surface. In terms of PPE, the
lack of N, uptake may preclude the use of these materials for
respiratory applications (i.e., gas masks), but could make the
composites useful for other PPE, such as in gloves or boots.

Strength and Flexibility of MOF/PUU Composites. To
quantify the mechanical properties of the MOF/PUU
composites, MMM:s of 20, 30, 40, and 50 wt % UiO-66 were
subjected to tensile testing. UiO-66-NH,, which was found to
possess a similar particle size to UiO-66 (UiO-66 = 128 + 29
nm vs UiO-66-NH, = 199 + 48 nm; Figure S10) was also
tested in a S0 wt % MMM to compare their mechanical
properties (Figures S2, S11, and S12). A pure PUU film and
PVDF MMMs with 50 wt % UiO-66 or UiO-66-NH, were
prepared as comparator materials (Figures S2 and S13 and
Video $4).**° The ultimate tensile strength of the PVDF
composite was previously reported, but ductility was not.

The properties for the pure PUU film agreed well with the
literature values of high ductility that report elongations at
break over 800%.>° In fact, the films prepared in this study
were so stretchable that they did not break inside the strain
limits of the UniVert test stand, which has a practical
maximum extension of <35 mm (Table 1 and Figures 3 and
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Table 1. Mechanical Properties from Tensile Testing for PUU-Only Films and Selected MMMs*"

material EAB (%)
PUU only >1835
20 wt % UiO-66/PUU >1880
30 wt % UiO-66/PUU >1610%
40 wt % UiO-66/PUU 479 + 49
50 wt % UiO-66/PUU 146 + 47
50 wt % UiO-66/PVDFE 6+4
50 wt % UiO-66-NH,/PUU 129 + 11
50 wt % UiO-66-NH,/PVDF 4=+1

yield str (MPa) toughness (J/cm®)

N/AY >47.8
44 + 03" >148.7
53 + 04 >118.4
6.1+ 0.1 374 + 48
9.5 + 0.5 167 + 5.3
69 + 12 04 + 02
6.8 + 0.7 100 + 1.7
8.4 + 4.0 02 + 0.1

“EAB = elongation at break and str = strength. ®No definitive plastic yield point observed.
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[ 50 wt% 1 40 wt% 1 30 wt%
3 20 wt% 30 0 wt%
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>
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5 10
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Figure 3. Left: photograph of tensile testing for the S0 wt % UiO-66/
PUU MMM before the test and just before failure. Right: results of
tensile testing for the PUU film (0 wt %) and UiO-66/PUU MMMs
(20—50 wt %).

S14). In addition, films returned to their original size upon
relaxation, as expected for an elastomer. The 50% UiO-66/
PVDF and 50 wt % UiO-66-NH,/PVDF MMMs showed
higher ultimate tensile strengths (8.2 and 10.0, respectively)
but less than 6% elongation at break (Figure 4 and Table S2).

Stress (MPa)

Strain (eleg)
50 wt% UiO-66-NH,/PUU
150 wt% UiO-66-NH,/PVDF

1 50 wt% UiO-66/PUU
[ 50 wt% UiO-66/PVDF

Figure 4. Results of tensile testing for 50 wt % MOF MMMs of PUU
and PVDF with a low-strain region (0—0.3 &/g;) expanded in the
inset.

The strength of the PVDF composites is on the order of PPE
polymers used in nitrile or butyl protective gloves (22.7 and
9.1 MPa, respectively).”””® However, PPE gloves require high
ductility, as shown by nitrile and butyl materials also having
elongations at break over $50%.”"*

Using the flexible PUU polymer yielded very ductile MOF
composite materials. The 20 and 30 wt % UiO-66/PUU
MMMs showed extremely high elongations and all tests
resulted in elongations of break above 1500% or no break at all
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within the limits of the test (Figure 3 and Table S2). Higher
weight loadings of UiO-66 in 40 and 50 wt % MMMs showed
lower elongations at break, as expected, because of the addition
of the filler to the polymer (Figure 3 and Table 1).”’ However,
50 wt % UiO-66/PUU still showed an average elongation at
break of 146% and a toughness (the ability of a material to
absorb energy per unit volume as quantified by the area under
the stress—strain curve) of 16.7 J/cm® (Figures 3 and 4 and
Table 1). The yield strength of the 50 wt % MOF MMMs were
all between 6.8 and 9.5 MPa, demonstrating that the PUU and
PVDF composites could withstand a similar force before
deformation (Figure 4).

The addition of the MOF to the PUU elastomer showed
rigidification that increased the strength of the composite.
There was a continuous increase in the strength of the
composite over the PUU-only film, with increasing MOF
(Table 1). The UiO-66/PUU MMMs had high toughness
when compared to the UiO-66/PVDF MMMs. In two cases,
the 20 and 30 wt % MMMs, the MMM had toughness (>140
J/em®) that may provide a good balance of mechanical
properties and protection (Table S2). The tensile testing
illustrates that UiO-66/PUU MMMs are strong, ductile
materials.

MOF/PUU MMMs for CWA Simulant Degradation.
With confirmation that MOF/PUU composites are strong and
flexible, these materials were tested for catalytic activity related
to their desired protective function. To assess the activity of
the MMMs for the breakdown of organophosphorous nerve
agents, a well-studied, less toxic simulant molecule dimethyl-4-
nitrophenylphosphate (DMNP) was used.'” Using a previously
developed method, the samples were analyzed in triplicate and
were monitored simultaneously in a 24-well plate format using
a plate reader at pH = 8.0."7*%*

A variety of MOF—PUU composites were tested for DMNP
hydrolysis including composites with increasing MOF loading
(20, 30, and SO wt %) and differing MOF functionalization
(Ui0-66, UiO-66-NH,, UiO-66-NO,, and UiO-66-Naph).
The MOF/PUU MMMs successfully degraded the simulant,
indicating that the MOF is chemically accessible despite
showing no N, gas sorption (see above).”” As expected,
increased MOF loading increases the hydrolysis rate (Table S4
and Figure S15). MMMs made with the functionalized MOF
(50 wt %) were also tested and showed variations in hydrolysis
activities (Table S4 and Figure S16). The activities of PUU
MMMs do not correlate with the activities of the as-
synthesized MOF powders. For example, UiO-66 and UiO-
66-NO, show comparable activities as powders, but the UiO-
66/PUU MMM has a 6-fold faster rate than the UiO-66-NO,/
PUU MMM. Also, the UiO-66-NH, PUU MMM has the
highest hydrolysis rate despite the as-synthesized MOF powder
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being much slower than UiO-66 and UiO-66-NO, powders.
Deviations in properties for powder MOFs versus MOF—
polymer composites have been observed in gas sorption
studies.*”** Here, MOF ligand functionality is found to affect
the catalytic rate of a composite; although the origins of this
effect are unclear at this time, it does provide a possible avenue
for further study and optimization.

PUU-based MMMs of 50 wt % UiO-66 and UiO-66-NH,
were compared with analogous PVDF MMMs for DMNP
hydrolysis. Interestingly, the UiO-66 and UiO-66-NH, PVDF
MMMs do correlate in activity to the reported hydrolysis rates
of the pure MOF powders (Figures S16 and S17 and Table
$4).">* This suggests that the selection of both the polymer
and the MOF affects the performance of the resulting
composite. For UiO-66 and UiO-66-NH,, properties such as
the particle size (128 + 29 and 199 =+ 48 nm, respectively),
morphology by SEM, and mechanical properties of the
resulting MMMs by tensile testing are similar, suggesting
that other factors influence the resulting reactivity of the
composites.

The MOF—polymer interface is an important factor for
understanding the composite behavior. A number of studies
have focused on understanding this interface using molecular
dynamics (MD) simulations,””™*" focused ion beam-milled
SEM,*** and solid-state NMR (SSNMR).*” MOF-based
MMMs with PVDF and poly(ethylene oxide) (PEO) have
been previously shown to have very different MOF—polymer
interfaces using MD and SSNMR,*” and these MMMs also
show large differences in DMNP hydrolysis.”> While in-depth
interface studies are outside the scope of this work, differences
in these interfaces may explain the variations in DMNP
reactivity observed here.

Despite limitations in our understanding of the origin of
DMNP hydrolysis in these MOF—polymer composites, the
ability to screen a large number of composites (12 in this
study) using the parallel screening method does enable the
identification of improved MOF—polymer combinations. In
the case of 50 wt % UiO-66-NH,/PUU, the rate is almost
equal to the PVDF MMMs and previously reported cross-
linked polythiourea-UiO-66-NH,-coated fabrics reported
under similar assay conditions.” However, the mechanical
properties of the PUU composites are far superior to the
PVDF composites, making it more suited to practical uses in
PPE.

MOF/PUU Fibers. Spandex is typically used as woven
materials from melt or wet spun fibers and incorporating
MOFs into this process is important for applications in
protective equipment. To test the viability of these composites
in their anticipated form factor, 50 wt % UiO-66 and UiO-66-
NH,/PUU fibers were drawn using a rudimentary wet spinning
apparatus. Continuous fibers >3 m were made with phase
inversion of the DMAC-based ink into a water bath and
manually drawing the fiber. Despite being 50 wt % crystalline
MOF (Figures S18—S20), the fiber can be manipulated and
stretched (Video SS). Figure S illustrates the practical handling
of the fiber with a simple knot and weave that can be done
without fracture. The preparation method also results in a
more porous microstructure of the composite due to the
nonsolvent contact in the drawing step (Figures S, S21, and
§22). This proof-of-concept demonstrates that with optimiza-
tion of fiber processing, MOF-based PUU fibers are viable.

The fibrous, porous structure introduced into the composite
affects the properties of the fiber composite compared to the
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50% UiO-66-NH,/PUU fiber

50% UiO-66-NH,/PUU MMM

50% Ui0-66/PUU fiber

50% UiO-66/PUU MMM .—1

T T T T T T

0 5 10 15 20 25
DMNP Hydrolysis Rate (mM x sec” x mg™" x 10%)

Figure S. Top: photographs of a single 3 m strand, knotted section,
and woven threads of S0 wt % UiO-66/PUU fibers. Center: cross-
sectional SEM images of 50 wt % MOF/PUU fibers. Bottom: DMNP
hydrolysis rates for MOF/PUU MMMs and fibers, normalized by the
mass of the composite.

equivalent MMM. The ductility of 50 wt % UiO-66/PUU
fibers remains similar to that of MMM (elongations at break of
122 and 146%, respectively), but the strength is reduced by an
order of magnitude (ultimate tensile strengths of 1.02 and 9.53
MPa, respectively) (Table S2 and Figure $23). The same trend
holds true for 50 wt % UiO-66-NH,/PUU fibers and MMM:s
(Table S2 and Figure S24). The porous morphology of the
fibers likely led to the reduction in mechanical properties.
Despite the lowering of strength, the 50 wt % UiO-66/PUU
fiber still had a higher toughness than the 50 wt % UiO-66/
PVDF MMM.

To test these composites for gas uptake, a S0 wt % UiO-66-
NH,/PUU fiber was evaluated for CO, sorption. Unlike the N,
sorption isotherms collected at 77 K for the MMM, the CO,
isotherms were collected at 295 K. These fibers adsorb CO,
with ~28% of the latent MOF porosity accessible to the gas
(Table SS and Figure S25). This room temperature sorption
experiment demonstrates that these composites possess
accessible porosity under ambient conditions.

The new fiber form factor was also tested in the DMNP
hydrolysis assay. With the porous nature of the fiber, the
transport of DMNP was improved, as better activity was
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observed on a per MOF weight basis in composites of both
Ui0-66 and UiO-66-NH, (Figures S and S15). This effect was
most pronounced in UiO-66-NH, where the rate almost
doubles when in the fiber (Figure S). This increase in the
hydrolysis rate indicates that the form factor of the MOF—
polymer composite is an important consideration for use in
PPE.

MOF/PUU Electrospun Nanofibers. While PUU/MOF
composites were successfully processed into fiber form using
wet spinning, the relatively large diameter of these fibers may
limit their use in certain applications. Therefore, the potential
for processing nanofibers via electrospinning was explored.
Nanofiber-based composites are often used in filtration
applications for the removal of aerosols, and the incorporation
of MOFs can aid in the filtration of toxic chemicals and
pollutants.”**°

Electrospinning of PUU-based composites was conducted to
showcase the versatility of the materials using a variety of
processing techniques. To a 10 wt % PUU electrospinning
solution in DMF was added a suitable amount of the MOF to
achieve a 20 wt % MOF content in the final composite. SEM
images for nanofibers electrospun from both UiO-66 and UiO-
66-NH, are shown in Figure 6. Fibers produced from

Figure 6. SEM images of 20 wt % UiO-66/PUU electrospun
nanofiber composites magnified at: (a) 1000X and (b) 10 000x. 20
wt % UiO-66-NH,/PUU electrospun nanofiber composites magnified
at: (c) 1000x and (d) 10 000X.

electrospinning exhibited good dispersion of MOFs through-
out the mat. ThermoFisher Phenom FiberMetric software was
used to estimate fiber diameters of the composite, and the
average fiber diameters for the materials were calculated to be
~350 + 150 and ~425 + 160 nm for UiO-66/PUU and UiO-
66-NH,/PUU, respectively (Figures S26 and S27). The MOFs
remained intact throughout the electrospinning process as
evidenced by PXRD (Figure S28). The ability of this
composite to be electrospun into nanofibers adds to the
versatility of MOF/PUU materials for PPE applications.
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To demonstrate the utility of this fabrication method, the 20
wt % UiO-66/PUU electrospun nanofiber mats were tested for
DMNP hydrolysis. Using the same methods for monitoring
hydrolysis for the MMMs and fibers, the electrospun mat had a
DMNP hydrolysis rate of 9.4 + 1.8 mM X sec™' X mg~' X
1075, The 20 wt % electrospun composite has a rate similar to
that of the 50 wt % MMM (Figure S29). This result highlights
the potential utility of MOF/PUU composites even at
relatively low MOF loadings. This data further demonstrates
that form factors can account for differences in the hydrolysis
rate.

B CONCLUSIONS

A new spandex-like MOF composite was developed with a
focus on developing materials with the mechanical properties
necessary for use in active PPE. The resulting MOF/PUU
composites showed high strength and flexibility. A range of
MOF loadings allowed for the tailoring of ductility and tensile
strength in the resulting composites. These materials are highly
active to nerve agent simulant hydrolysis and the rate depends
on the MOF content, polymer, and form factor of the
composite. MOF/PUU fibers and electrospun mats indicate
that these composites are versatile and can be engineered into
form factors other than simple films.
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