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ABSTRACT: Aqueous dispersions of microporous nanocrystals
with dry, gas-accessible pores—referred to as “microporous
water”—enable high densities of gas molecules to be transported
through water. For many applications of microporous water,
generalizable strategies are required to functionalize the external
surface of microporous particles to control their dispersibility,
stability, and interactions with other solution-phase components—
including catalysts, proteins, and cells—while retaining as much of
their internal pore volume as possible. Here, we establish design
principles for the noncovalent surface functionalization of
hydrophobic metal—organic frameworks with amphiphilic poly-
mers that render the particles dispersible in water and enhance
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their hydrolytic stability. Specifically, we show that block co-polymers with persistence lengths that exceed the micropore aperture
size of zeolitic imidazolate frameworks (ZIFs) can dramatically enhance ZIF particle dispersibility and stability while preserving
porosity and >80% of the theoretical O, carrying capacity. Moreover, enhancements in hydrolytic stability are greatest when the
polymer can form strong bonds to exposed metal sites on the external particle surface. More broadly, our insights provide guidelines
for controlling the interface between polymers and metal—organic framework particles in aqueous environments to augment the

properties of microporous water.

B INTRODUCTION

The low solubility of gases in water is a critical challenge for
many energy and biomedical technologies that require high
concentrations of gas molecules to be rapidly transported
through an aqueous environment.' ™ Owing to their high
internal surface areas,®’ microporous materials—such as
zeolites and metal—organic frameworks—can be used to
dramatically enhance the gas density contained within an
aqueous fluid, provided colloidally stable aqueous dispersions
can be formed in which the micropores remain dry and
accessible to gas molecules.” Such dispersions—termed
"microporous water”—are possible when microporous par-
ticles are constructed with external surfaces that are sufficiently
hydrophilic to promote dispersibility in water and internal
surfaces that are sufficiently hydrophobic to make it
thermodynamically unfavorable for liquid water to intrude
into the pores.

The internal surface chemistry of a microporous particle is
dictated by the composition and structure of the material,
while the external surface can be modified through both
covalent and noncovalent functionalization strategies.”~"" This
modularity creates myriad possibilities for microporous water
with a wide range of properties and functionalities. In principle,
the internal and external surfaces of microporous particles can
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be independently manipulated to design aqueous fluids with
gas carrying capacities, gas selectivities, gas transport kinetics,
colloidal stabilities, and biocompatibilities that are tailored to
the requirements of a particular application. External surface
functionalization is particularly important for enhancing
colloidal stability and biocompatibility,'”'* but can be
challenging to carry out in a manner that preserves complete
access of guest molecules to the internal pores of the
framework."”

The noncovalent association of polymers offers a general-
izable and highly tunable approach to functionalize the surface
of colloidal nanoparticles. Polymers readily adsorb to the
surface of many nanoparticles—often independent of their
surface chemistry—due to surface tension reduction and
favorable enthalpic and/or entropic interactions.'*™"” The
adsorbed polymer layer can then improve the colloidal
dispersibility of the nanoparticles through repulsive electro-
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static or steric interactions.'® In addition, polymers such as
polyethylene glycol (PEG) can improve biocompatibility by
inhibiting protein adsorption, immune responses, and cellular
internalization.'” Beyond biocompatibility and colloidal
dispersibility, the noncovalent complexation of polymers offers
a potential pathway to manipulate the stability—or dissolution
rate—of water-sensitive metal—organic frameworks through
control over the framework—water interface.”’”**

Though composite materials composed of polymers and
metal—organic frameworks or zeolites have received a lot of
attention—particularly in the context of mixed-matrix
membranes for gas separations”>*—much remains to be
understood about interactions between polymers and crystal-
line microporous nanoparticles in aqueous solutions.'****° In
order to be useful for microporous water, polymer adsorption
must be confined to the external surface of the microporous
particles and must not lead to blockage of pore entrances or
filling of pore channels.

Herein, we report design principles for using polymers to
disperse hydrophobic metal—organic frameworks in water
while preserving their internal porosity and enhancing their
stability. When appropriately designed, polymer coatings
comprising amphiphilic block copolymers allow for the
formation of colloidally stable and permanently porous
dispersions of hydrophobic zeolitic imidazolate frameworks
(ZIFs) that would otherwise aggregate and settle out of an
aqueous solution. Moreover, dramatic enhancements in
resistance to hydrolytic degradation are observed when the
polymers contain functional groups that can form coordination
bonds with exposed metal centers on the external surface of
the frameworks. Through a systematic investigation of how
chain rigidity, polymer concentration, and particle size affect
the surface adsorption and micropore intrusion behavior of
amphiphilic polymers, we provide insights into interactions
between polymers and metal—organic frameworks in aqueous
environments that offer new opportunities for designing
microporous water and—more broadly—for synthesizing
composite materials that leverage the unique properties of
both polymers and microporous materials.

B RESULTS AND DISCUSSION

The polymer PEG is routinely used to functionalize nano-
particles because its inherent amphiphilicity allows it to adsorb
to most surfaces and facilitate particle dispersibility in a wide
range of solvents, including water.”” However, PEG contains a
narrow and flexible backbone with a persistence length—the
length below which the polymer behaves as a rigid rod—of
only ~3.5—4 A® As a result, PEG chains can uncoil and
thread into the pores of many metal—organic frameworks in
polymer melts,” organic solvents,”” and water," which
substantially reduces—or entirely eliminates—their gas uptake
capacity.

We hypothesized that attaching a bulky aromatic polymer
block to PEG could prevent polymer intrusion and provide a
generalizable strategy for dispersing hydrophobic metal—
organic frameworks in water while preserving their internal
porosity (Figure 1). Specifically, we selected blocks of
poly(styrene) (PS) and poly(4-vinyl pyridine) (P4VP),
whose bulky side groups and persistence lengths of at least
~8 A in polar solvents’" would likely make it difficult for
polymer chains to diffuse through narrow micropore apertures.
Further, the pyridine side groups in P4VP could, in principle,
coordinate to exposed metal sites on the external surface of

P4VP-b-PEG

B PEG PS-b-PEG
o) bl o,
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N

Figure 1. (A) Schematic illustration of polymer chains adsorbing to a
ZIF particle and infiltrating into the framework micropores. (B)
Structures of the three polymers used in this study.

metal—organic framework particles,zs’?’2 which would increase
the polymer adsorption strength and provide insight into the
relative roles of thermodynamics and sterics in preventing
polymer infiltration. In addition, since many hydrophobic
metal—organic frameworks are inherently unstable in water
due to labile metal—ligand coordination bonds,*® we
anticipated that more strongly associated amphiphilic polymers
might provide a mechanism to enhance hydrolytic stability by
reducing the accessibility of water to the external surface of the
particles.”**

We chose Zn(mIm), (ZIF-8; mIm = 2-methylimidazolate)*°
and Co(mIm), (ZIF-67)*" as model hydrophobic frameworks
to test our functionalization strategy, since both frameworks
contain hydrophobic Jpores that resist water intrusion under
ambient conditions,”*” are not inherently dispersible in
water,® can be synthesized as nanocrystals over a wide particle
size range,”’ and degrade in aqueous solutions (especially at
low concentrations).”’ For this study, we selected three
different PEG molecular weights (1, 10, and 35 kDa) and
diblock copolymers with comparable PEG lengths (3.5-b-10
and 4.5-b-34 kDa for P4VP-b-PEG, and 3.2-b-11 and 3.4-b-34
kDa for PS-b-PEG).

Dispersibility of Polymer-Functionalized ZIF Par-
ticles. All three amphiphilic polymers we tested—PEG, PS-
b-PEG, and P4VP-b-PEG—dispersed ZIF-8 and ZIF-67
nanocrystals over a wide particle size range (45 to 900 nm
in diameter, Figure S1) in water above a threshold polymer-to-
ZIF mass ratio. ZIF nanocrystals smaller than 100 nm required
a polymer:ZIF ratio of at least 2:1 to be dispersible in water
(Figure 2A,C), while ZIF nanocrystals larger than 200 nm
required ratios of at least 1:1 (Figure 2B,D). This difference is
likely due to the increased external surface area-to-volume ratio
of smaller nanocrystals, which would require more polymer
chains to cover their external surfaces at a fixed mass
concentration. Below the threshold polymer:ZIF ratios, or in
the absence of polymer, ZIF nanocrystals rapidly aggregate and
settle out of water. We note that the molecular weight of the
polymer did not have a strong effect on ZIF dispersibility, and
we did not observe any substantial differences between the
dispersibility of ZIF-8 and ZIF-67 nanocrystals of similar sizes.

Porosity in Aqueous Dispersions of Polymer-Func-
tionalized ZIF Particles. With all polymer-functionalized ZIF
nanocrystals exhibiting high colloidal stability, we next
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chains—regardless of their length—are sufficiently flexible and
narrow to uncoil and diffuse through the pore apertures of
ZIF-8 and ZIF-67 and that PEG intrusion is thermodynami-
cally favorable in water. We note that while PEG is water
soluble, it is an amphiphilic polymer with high solubility in
some nonpolar solvents as well. In contrast to pure PEG,

C o [T N e dispersions of PS5, b-PEGyysp, and PAVP, g b-PEG g,
g 8 copolymers at the same 1:1 polymer:ZIF ratios maintained
3 201 8 204 over 75% of their O, carrying capacity (Figure 3B). In contrast,
é 0 é solid-state N, adsorption isotherms of dried samples at 77 K
2] ER indicated no gas-accessible porosity after polymer functional-
0 . . o i i ization, which could be attributed to changes in the
10 100 1000 100 1000 10000 arrangement of polymers at the particle surface or the degree
Hydrodynamic diameter (nm) Hydrodynamic diameter (nm) of polymer intrusion upon drying, as well as the polymers
Figure 2. (A) Left: image of a P4VP-b-PEG/ZIF-8,,,, dispersion in having far less mobility and flexibility at cryogenic temper-
water. Right: Representative scanning electron microscope (SEM) atures (Figure S2A). Moreover, this highlights that traditional
image of as-synthesized ZIF-8,,,, particles (the smaller particles that methods for characterizing microporous materials do not
coat ZIF-8 and the substrate result from sputter coating with Pt/Pd to necessarily reflect the porosity that will be present within an
increase contrast during imaging) (B) Left: image of P4VP-b-PEG/ aqueous dispersion,
ZIF-67510 o dispersions in water. Right: Representative SEM image To evaluate whether the higher gas capacity—and accessible
of as-synthesized ZIF-674;4,y, particles. (C) Particle size distributions pore volume—of the copolymer-functionalized ZIF nanocryst-

determined by dynamic light scattering (DLS) for ZIF-8,,,, dispersed 1 d to PEG-functionalized tal due t
in water by P4VP-b-PEG (pink) or PEG (blue). (D) Particle size as compared 1o nctionatized Nanocrystals was due to a

distributions determined by DLS for of ZIF-674,,,, dispersed in water fllffere?nce mn th.e strength‘of polymer binding or the pqum?r
by P4VP-b-PEG (pink) or PEG (blue). intrusion behavior, we adjusted the polymer concentration in

solution until dispersions of PEG/ZIF-67 and P4VP-b-PEG/
ZIF-67 contained similar amounts of adsorbed polymer
investigated the impact of the PS and P4VP blocks on polymer (Figure S2B). Even after controlling for the amount of

infiltration behavior by evaluating the gas-accessible micro- adsorbed polymer—which includes polymer chains on the
porosity present in each aqueous dispersion. Specifically, we external surface and inside the pores—P4VP-b-PEG dis-
used an O, electrode to measure the amount of O, released persions retained over 10X the O, carrying capacity of PEG
when air-equilibrated dispersions were injected into deoxy- dispersions (Figure S2C), which is consistent with the two
genated water (Figure 3A, Table S1). Since the O, carrying polymers exhibiting different intrusion behaviors. This also
capacity of each dispersion should be correlated with the suggests that any polymer micelle formation that may occur in
accessible internal surface area of the ZIF particles, these O, solution does not contribute to differences in intrusion
release measurements serve as a direct and convenient probe of behavior.
the degree of polymer infiltration in solution. We note that this Given that earlier studies have shown that aromatic
approach is different from many other techniques to quantify molecules such as benzene, toluene, and xylene can diffuse
polymer infiltration in microporous materials—such as surface through the pore apertures of ZIF-8 and ZIF-67,""* it is likely
area analysis,"”” NMR,”” or X-ray diffraction*’—that typically that the large persistence length—and thus high backbone
require solid samples. rigidity—of the aromatic polymer blocks is the primary factor
Consistent with previous results,® pure PEG over a range of that restricts their diffusion into the ZIF pores rather than the
molecular weights (1, 10, and 35 kDa) resulted in a greater cross-sectional area of the PS or P4VP monomers. Moreover,
than 85% reduction of the O, carrying capacity of aqueous since we did not observe any differences in the O, carrying
dispersions of ZIF-67 and ZIF-8 particles at a 1:1 polymer-to- capacity of ZIF particles modified with PS-b-PEG or P4VP-b-
ZIF mass ratio (Figure 3B). This result confirms that PEG PEG, the hindered intrusion of copolymer chains can be
>
A B S 100 -[ @ ZIF8 = ZIF-67
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Figure 3. (A) Schematic illustration of the electrode-based setup used to quantify the O, carrying capacities of aqueous ZIF dispersions. (B)
Measured O, carrying capacities—expressed as percentages of the theoretical expected value—for polymer/ZIF dispersions in water.
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attributed primarily to chain rigidity rather than differences in
the strength of polymer binding to the external ZIF surface.
Stability of Polymer-Functionalized ZIF Particles.
Even though PS-b-PEG and P4VP-b-PEG both formed
aqueous dispersions with the same microporosity, the block
copolymers led to marked differences in the hydrolytic stability
of the ZIF particles. Since ZIF-67 is substantially more prone
to hydrolysis than ZIF-8 due to the greater lability of Co—
imidazolate bonds compared to Zn—imidazolate, we focused
our stability studies on ZIF-67 particles. Under dilute
conditions (0.4 mg ZIF-67 per mL water), unfunctionalized
ZIF-67 particles (average diameter = 910 nm #+ 150 nm)
degrade completely into a mixture of amorphous and
crystalline cobalt hydroxide nanoparticles within 100 min
(Figures 4A—D, S3). Notably, PEG and PS-b-PEG (at a 1:1
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Figure 4. (A) Percentage of ZIF-67 particles remaining over time for
dispersions of 0.4 mg ZIF-67 per mL water. (B) Images of ZIF-67
dispersions immediately after redispersing in water and (C) after 24 h.
(D) Representative SEM images of dried ZIF-67 dispersions after 24
h in water (scale bars = 500 nm). In B—D, vial 1 contains
unfunctionalized ZIF-67 particles, while vials 2, 3, and 4 contain ZIF-
67 particles functionalized with PEG, P4VP-b-PEG, and PS-b-PEG,
respectively, at a 1:1 polymer-to-ZIF mass ratio.

polymer-to-ZIF mass ratio) reduce the decomposition rate by
over threefold, suggesting that the adsorbed polymers affect
the accessibility of water molecules to the external ZIF surface.
However, particles still start to aggregate after SO min (Figure
S4), and by 24 h the ZIF-67 particles fully convert into cobalt
hydroxide byproducts. In contrast, ZIF-67 particles function-
alized with P4VP-b-PEG retain complete dispersibility and
over 80% of their gas carrying capacity even after 24 h. We

attribute this enhanced hydrolytic stability to strong inter-
actions between the pyridine groups of P4VP and coordina-
tively unsaturated Co sites on the external ZIF-67 surface,””
which likely inhibit coordination of water molecules and slow
down framework degradation.

At higher concentrations (30 mg ZIF per mL water) where
the driving force for hydrolysis is reduced, both PS-b-PEG and
P4VP-b-PEG stabilize ZIF-67 to a similar extent. After 10 days
in water, ZIF-67 particles coated with either diblock copolymer
retain over 80% of their O, carrying capacity, compared to less
than 20% retention for unfunctionalized ZIF-67 over the same
time (Figure SS). These results illustrate how noncovalent
functionalization with polymers can dramatically enhance the
hydrolytic stability of ZIFs in concentrated dispersions. At low
concentrations, however, stronger interactions between the
polymer and the ZIF surface are critical to promoting stability.

Mechanistic Insights into Polymer Infiltration. To
provide additional insight into the interactions of amphiphilic
polymers with ZIF particles, we evaluated the O, carrying
capacity of aqueous dispersions as a function of polymer
concentration at a fixed ZIF concentration. Since PS-b-PEG
has poor water solubility above a ~3:1 polymer:ZIF mass ratio,
we evaluated the concentration dependence for PEG and
P4VP-b-PEG. For P4VP-b-PEG, the O, carrying capacities of
ZIF dispersions decrease with increasing polymer concen-
tration to as low as 21% =+ 4.3% for a 10:1 polymer:ZIF mass
ratio, which shows that higher polymer concentrations drive
additional intrusion into the ZIF nanocrystals (Figure SA).
Polymer intrusion is further confirmed through in situ wide-
angle X-ray scattering (WAXS) experiments that show
increased electron density in the framework pores at higher
P4VP-b-PEG concentrations (Figure SB). Specifically, the
intensity of the 110 diffraction peak decreases substantially as
the P4VP-b-PEG:ZIF ratio is increased from 1:1 to 4:1, which
we attribute to an increased density of randomly oriented
polymer chains intruding into the ZIF framework (Figure
S$6).* This is in contrast to PEG, for which the intensity of the
110 diffraction peak is already significantly reduced at a 1:1
PEG:ZIF ratio and remains constant with increasing PEG
concentration (Figure SC). The diffraction data is thus
consistent with PEG fully infiltrating the ZIF pores even at
low polymer concentrations.

The increased infiltration of P4VP-b-PEG at higher
concentrations is likely to occur by one of two mechanisms:
(1) the PEG segments of the adsorbed copolymers could
exclusively intrude deeper into the ZIF core while the aromatic
segments remain preferentially segregated to the external ZIF
surface, or (2) both blocks of the polymer could intrude into
the ZIF pores and distribute evenly throughout the framework.
To determine which possibility is more likely, we measured the
O, carrying capacity at a fixed polymer-to-ZIF ratio and fixed
ZIF concentration (3 wt %) as a function of ZIF-8 particle size.
Specifically, we used a 2:1 P4VP-b-PEG:ZIF-8 mass ratio—
which ensured that enough adsorbed polymer was present to
promote high colloidal stability—for four different average
ZIF-8 particle diameters: 45 nm + 6 nm, 235 nm =+ 41 nm,
440 nm + 58 nm, and 880 nm + 74 nm. At this polymer
loading, larger ZIF-8 particles retained a much higher O,
carrying capacity than smaller particles. For instance, the
smallest nanocrystals retained just 13% of their O, carrying
capacity, while the largest nanocrystals retained 74% (Figure
6A). Since a greater fraction of the total volume of a particle is
located closer to the external surface for larger particles (Figure
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Figure 5. (A) Measured O, carrying capacities—expressed as
percentages of the theoretical expected value—for polymer/ZIF-67
dispersions in water at different polymer loadings. (B) WAXS patterns
of P4VP-b-PEG/ZIF-67 in water at different polymer loadings. (C)
WAXS patterns of PEG/ZIF-67 in water at different polymer
loadings. All data in this figure was acquired using ZIF-67 particles
with an average diameter of 910 nm + 150 nm.

6B), the strong dependence of O, carrying capacity—and,
consequently, permanent microporosity—on particle size is
consistent with the aromatic segment limiting the distance over
which entire polymer chains can infiltrate into the particle.
By treating the ZIF particles as spheres, we estimate that
P4VP; n,-b-PEG,gip, chains infiltrate between 30—40 nm
into ZIF particles at a 2:1 polymer:ZIF ratio (Table S2). We
note that this model is limited because we assume a single
diameter for the particle size rather than a distribution of sizes.
However, the estimated infiltration distance is much smaller
than the length of a fully extended 10 kDa PEG block, which
could extend up to ~90 nm. Thus, the loss of O, capacity
could be accounted for by PEG segments stretching into the
ZIF pores even if the aromatic segments remain pinned near
the external surface (Figure 6C). Moreover, WAXS patterns
for different ZIF-8 particle sizes—at a fixed 2:1 P4VP-b-
PEG:ZIF-8 mass ratio—are consistent with greater electron
density—and, consequently, greater polymer pore filling—for
smaller particles (Figure S7). As the polymer concentration is
increased, more PEG chain segments would be forced deeper
inside the ZIF pores, while the rigid aromatic segments would

Figure 6. (A) O, carrying capacities—expressed as percentages of the
theoretical expected value—for polymer/ZIF-8 dispersions in water
with different average ZIF-8 particle sizes. (B) Percent of unoccupied
volume for idealized ZIF spheres as a function of sphere diameter and
polymer penetration depth. (C) Schematic illustration of how similar
penetration depths of a diblock copolymer could result in large
changes to the occupied pore volume of differently sized particles.

remain preferentially localized near the external surface of the
particles. Though additional studies are in progress to confirm
this proposed mechanism, the incorporation of rigid blocks
into PEG-based polymers provides a promising strategy to
inhibit polymer infiltration into hydrophobic metal—organic
frameworks and to preserve a high gas carrying capacity in
water.

B CONCLUSIONS

The foregoing results illustrate how the interface between
polymers and hydrophobic metal—organic frameworks can be
engineered to promote dispersibility and stability in water
while retaining gas-accessible permanent microporosity.
Amphiphilic PEG-based polymers readily adsorb to the
external surface of ZIF-8 and ZIF-67, allowing stable aqueous
dispersions to be formed at ZIF concentrations as high as 8 vol
%. Although flexible, narrow polymers like PEG readily
infiltrate into the internal ZIF pores, block copolymers with
rigid, bulky segments hinder polymer infiltration. Because the
increased persistence length of the copolymers preferentially
pins rigid blocks near the external ZIF surface, it is possible to
retain large fractions (>75%) of the gas-accessible pore

https://doi.org/10.1021/jacs.3c06627
J. Am. Chem. Soc. 2023, 145, 19982—19988


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c06627/suppl_file/ja3c06627_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c06627/suppl_file/ja3c06627_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06627?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06627?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06627?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06627?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06627?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06627?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06627?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06627?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c06627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

volume—and, therefore, the gas carrying capacity—of hydro-
phobic ZIF nanocrystals in water. Further, polymer segments
capable of engaging in strong interactions with the external ZIF
surface dramatically enhance hydrolytic stability at low ZIF
concentrations. Beyond providing new opportunities for
designing aqueous porous liquids, our mechanistic insights
into the infiltration behavior of polymers should be relevant to
the use of polymer-functionalized metal—organic frameworks
for mixed-matrix membranes,””***® polymerization tem-
plates,””** and drug delivery.'>*’
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