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Water and moisture stability have been recognized

as one of the most important characteristics of

metal–organic frameworks (MOFs) in regards to their

future applications. Nonetheless, most MOFs are

water-labile to some degree. One promising solution

for the collapse of MOFs toward water is surface

hydrophobic modification. Herein, a facile, mild, and

general one-step surface polymerization approach

has been developed to coat the exterior surface of

MOF particles with a thin polymer layer. Remarkably,

the hydrophobic layer not only endows water stabili-

ty of MOFs without significantly disturbing their pore

features but also enables the resultant MOFs to retain

high catalytic performance for diverse reactions in

water. Keywords: water stability, metal–organic frame-

works, hydrophobic, polymerization, composite

Introduction
Emerging as an important class of porous materials,

metal–organic frameworks (MOFs), have received tre-

mendous scientific attention in the last two decades.1–4

The well-defined and highly tunable structures as well as

the high surface areas make MOFs great options for

diverse applications, especially in heterogeneous cataly-

sis.5–24 However, water stability remains a grand challenge

in the real-world application of most MOFs.25–27 A

significant fraction of MOFs are vulnerable to structural

destruction in an aqueous environment because of the

gradual replacement of metal-coordinated linkers by

water molecules.25–27 It should be noted that moisture or

water stability is regarded as the most basic feature of

MOFs for subsequent applications.

Careful selection of MOF constituents is a feasible

approach to fabricate water-stable MOFs via de novo

synthesis.25,26,28–33 However, the synthesis of MOFs is gen-

erally difficult to control, and the resultant MOF
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structures are hardly predictable. Although the

high-connectivity MOFs, which are built from multicar-

boxylate linkers, tend to exhibit excellent chemical and

thermal stability, the presynthesis of these linkers is usu-

ally complicated, increasing the production cost of the

resultant MOFs. In addition, the introduction of dangling

hydrophobic groups, such as various alkyl groups, can

protect the frameworks against decomposition; however,

this usually significantly decreases surface area and po-

rosity, thereby causing a mass transfer issue throughout

of MOF.34–37

Not limited to de novo synthesis, given the desirable

attributes of many reported MOFs, the exploration of

postsynthetic strategies has gained significant momen-

tum over the past few years.26,31,32 Various postsynthetic

approaches have been adopted to improve the water

stability of MOFs: functional group modification, ion-

exchange, hydrophobic surface treatment, and material

compositization.38–51 The surface wettability or the reac-

tivity of metal clusters can be regulated using these

methods, thereby improving the water stability of MOFs.

Unfortunately, the current postsynthetic approaches in-

volve realistic challenges and prerequisites: (1) uneven

coating of the protective layer on MOFs, (2) specific

active groups on the MOF skeleton for postsynthetic

modifications, and (3) pore space occupancy in MOFs

after modification.26,31,32 In this context, our group devel-

oped a general approach to coat hydrophobic polydi-

methysiloxane (PDMS) on the external surface of MOFs.38

The coated MOFs, with protection from the PDMS layer,

present remarkably improved moisture and water stabil-

ity in comparison to the parent MOFs. Nevertheless, the

coating process must be completed at a high operation

temperature (235 °C), and it is difficult to achieve uniform

coating on the surface of overall MOF particles by the

vapor deposition technique. The Martí-Gastaldo group50

reported a facile strategy to produce catechol coatings

on the external surface of Hong Kong University of

Science and Technology-1, based on the Cu(II)

dimer-catalyzing polymerization of catechols, improving

the Cu–MOFwater stability. This approach is effective for

Cu–MOFs, yet it might not be applicable to other types of

MOFs. Recently, the Li group51 successfully fabricated a

series of MOF@polymer via surface-initiated atom trans-

fer radical polymerization (SI-ATRP). The random copol-

ymer temporarily immobilized on MOF surfaces can

serve as macroinitiator to initiate SI-ATRP. Significantly,

the polystyrene shell effectively protects the UiO-66

MOF from the attack of acid and base. Unfortunately,

N2 uptake dramatically decreases in the coated MOFs

due to the low mobility of polymer layers. Therefore,

there remains a need to explore a facile, mild, efficient,

and universal approach to improve the moisture stability

of MOFs without significantly compromising their pore

features. Moreover, the increased moisture stability

might enable the active yet moisture-sensitive MOFs for

catalytic applications in water.

Herein, we demonstrate a postsynthetic modification

strategy, namely one-step surface polymerization, which

we propose as an effective way to improve the moisture

stability of MOFs and further manipulate MOFs’ catalytic

properties. Taking HKUST-1 as a representative, a hydro-

phobic polymer layer can be formed on the HKUST-1

surface through the radical copolymerization of two

monomers—2,2,2-trifluoroethyl methacrylate (TFEMA)

and 3-methacryloxypropyltrimethoxysilane (MAPTMS)—

giving a hydrophobic composite, denoted HKUST-1-P

(Scheme 1). Because of the protection from the hydro-

phobic polymer overlayer, the crystalline nature and

morphology of HKUST-1 can be maintained even after

exposure to water for 3 days. Notably, the pore charac-

teristics of HKUST-1 remain essentially unchanged, as the

Scheme 1 | Schematic illustration showing the one-step surface polymerization of HKUST-1 to afford hydrophobic

HKUST-1-P composite.
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polymer layer is mainly located on the MOF surface. To

prove the versatility of this approach, two other

water-sensitive MOFs, ZIF-67 and MIL-125, were readily

coated with this hydrophobic polymer based on a similar

approach. Additionally, we were delighted to find that

HKUST-1-P exhibits superior catalytic conversion and

cycling stability for organic synthesis in water in compar-

ison with the originally water-sensitive HKUST-1 because

of the protective effect and the hydrophobicity endowed

by the polymer overlayer.

Results and Discussion
The HKUST-1, formulated Cu3(BTC)2·3H2O (BTC = 1,3,5-

benzene tricarboxylate), is one of themost studied MOFs

because of its low cost, easy preparation, high surface

area, and tremendous potential in gas adsorption, het-

erogeneous catalysis, and so on.52,53 Unfortunately, pro-

longed exposure to a humid operating environment

gives rise to severe structural damages in HKUST-1 due

to the hydrolysis of the Cu–O bonds involved in the

paddle-wheel building blocks. With the above considera-

tions, HKUST-1 was chosen as the representative sample.

Typically, the coating process is performed by dispersing

the two monomers, TFEMA and MAPTMS, into the etha-

nol solution of HKUST-1. Then the polymerization process

is initiated by introducing 2,2′-azobis(isobutyronitrile)

(AIBN) at a moderate temperature (75 °C) under a nitro-
gen (N2) atmosphere (see “Experimental Section” in
Supporting Information). Specifically, the monomers are
first linked on the external surface of HKUST-1 because of
the hydrogen bonds between the carbonyl oxygen atoms
in the two kinds of monomers and the coordinated water
molecules in HKUST-1,54 and then the copolymerization is
carried out in the presence of AIBN (see Supporting
Information Figure S1a). The polymerization process con-
sists of the following two steps (see Supporting
Information Figure S1b): the dissociation of AIBN to form
radical species and the addition of one monomer to the
aforementioned initiating radical (initiation), and the sub-
sequent increase of chain length through the addition of
other monomers (chain propagation).55,56 Undoubtedly,
the thickness of the coating layer can be easily tuned by
changing the reaction time or the concentration of
monomers or AIBN. The quantitation of polymer over-
layer in composites by thermogravimetric analysis (TGA)
is not feasible due to the weight losses at similar temper-
ature ranges for the polymer overlayer and HKUST-1 (see
Supporting Information Figure S2). Given the periodic
structures of MOFs, inductively coupled plasma atomic
emission spectroscopy (ICP-AES) was carried out to
quantify the total copper content, thereby elucidating
the MOF weight percentage. Accordingly, the content of
the polymer overlayer within HKUST-1-P composite was
∼8.27 wt% (see Supporting Information Table S1).

(a) (b)

(c) (d)

Polymer layer

Substrate

B

P

Figure 1 | (a) TEM image of HKUST-1-P sample, highlighting the polymer edge. (b) FT-IR spectra of MAPTMS, TFEMA,

bulk polymer, and polymer overlayer. (c) XPS survey spectra for HKUST-1 and HKUST-1-P. (d) High-resolution XPS

spectra of Cu 2p for HKUST-1 and HKUST-1-P.
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The transmission electron microscopy (TEM) image

clearly shows a layer of ∼14 nm thickness on the external

surface of the HKUST-1-P particle (Figure 1a), confirming

the location of polymer in the composite. To our delight,

the degree of polymerization or rate of polymerization

can be tuned, to some extent, by changing the reaction

time or the concentration of monomers or AIBN, even-

tually influencing the thickness of the coating overlayer.57

For instance, the layer thickness increases to ∼85, 37, and
70 nm with increased polymerization time, amount of

initiator, and concentration of two monomers, respec-

tively (see Supporting Information Figure S3). The in-

creased polymer content was also indicated by the

weight percentage of polymer overlayer within these

three samples, as calculated based on ICP-AES results

(see Supporting Information Table S2).

The successful polymerization of two monomers was

demonstrated by Fourier transform infrared (FT-IR)

spectroscopy (Figure 1b). For comparison, bulk polymer

was prepared under the same reaction conditions in the

absence of MOFs, and the polymer overlayer of HKUST-1-

P was peeled off from the composite through acid treat-

ment. To our delight, the two polymers displayed almost

the same IR spectra. The occurrence of the band at

2844 cm−1 in bulk polymer and polymer overlayer corre-

lates with the CH3 symmetric stretch in the Si–O–CH3

groups of MAPTMS.58 The intense adsorption band at

1750 cm−1 of both polymer materials can be assigned to

the C=O stretching of TFEMA, whereas the peak at

1720 cm−1 in MAPTMS is due to the ester C=O stretching

vibration of the carbonyl group.59,60 Altogether, these

results indicate that the polymer overlayer of HKUST-1-

P is composed of the two monomers.

X-ray photoelectron spectroscopy (XPS) spectra sug-

gest the presence of C, O, and Cu in HKUST-1, and C, O, Si,

F, and Cu in HKUST-1-P (Figure 1c). The relatively reduced

signal of the Cu 2p peak is observed in the spectrum of

HKUST-1-P when compared with that of HKUST-1

(Figure 1d), further proving the location of the polymer.

Additionally, the almost identical Cu 2p peak positions of

Cu 2p1/2 and 2p3/2 in both samples suggest that the

integration of HKUST-1 and the polymer layer may not

rely on the coordination interaction between polymer

and the Cu atoms of HKUST-1.

The wettability of HKUST-1 and HKUST-1-P was evalu-

ated by the measurement of the static contact angle. The

contact angle of a water droplet on HKUST-1 was ∼0°,
demonstrating its hydrophilic property (Figure 2a). In

stark contrast, upon polymer coating, HKUST-1-P exhibits

water contact angle ∼135° (Figure 2b). The distinct sur-

face character, from hydrophilic to hydrophobic, can be

attributed to the introduction of the polymer overlayer. It

has been well documented that surface hydrophobicity

would increase the water stability of MOFs.26,31,33–37 To

examine the water stability of HKUST-1-P, both parent

and modified MOF samples were exposed to water for

3 days. HKUST-1 can easily settle down to the bottom of

the water owing to its good hydrophilicity (Figure 2c).

Accordingly, the flocculent precipitate can be observed

around theMOFparticles at the bottomof the bottle over

time (Figure 2d). Because of the low density and hydro-

phobic behavior, HKUST-1-P mostly floated on the water

during the 3-day hydrostability test (Figures 2e and 2f).

The powder X-ray diffraction (XRD) pattern of HKUST-1-

P shows sharp characteristic peaks indexed to HKUST-1

(Figure 2g), demonstrating the crystallinity retention of

HKUST-1 after coating the polymer layer. More important-

ly, upon the same water treatment, significant loss of

structural integrity was observed for HKUST-1, while the

crystallinity of HKUST-1-P remained essentially un-

changed, manifesting the greatly enhanced framework

stability against degradation from water.

To investigate the impact of surface wettability on the

microstructure, the morphology of HKUST-1 and HKUST-

1-P was examined using scanning electron microscopy

(SEM). The pristine HKUST-1 had an octahedral

Figure 2 | Static contact angles of water on (a) HKUST-1 and (b) HKUST-1-P. (c–f) Digital photographs and (g) powder

XRD profiles of HKUST-1 and HKUST-1-P before and after 3 days of hydrostability test.
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morphology and a smooth surface (Figure 3a). After

water treatment for 3 days, the octahedral morphology

nearly disappeared (Figure 3b). In contrast to HKUST-1,

the octahedral morphology of HKUST-1-P particles was

well preserved after immersion in water for the same

duration (Figures 3c and 3d). The porosity of the two

samples was evaluated via N2 adsorption measurements

at 77 K (Figure 3e). As expected, the N2 isotherms sug-

gest that the Brunauer–Emmett–Teller (BET) surface ar-

ea of HKUST-1 significantly dropped by ∼100% from 1451

to 0.5 m2/g upon immersion in water for 3 days, demon-

strating a complete framework collapse. It is worth not-

ing that the BET surface area of HKUST-1-P was as high as

1352 m2/g, and no evident change was observed in the

pore size distribution after coating with the polymer

layers (see Supporting Information Figure S4). The

results suggest that the pore features of HKUST-1 remain

essentially unchanged, and the polymerization of two

monomers is mostly completed to afford a polymer over-

layer on the external surface of HKUST-1. To our delight,

HKUST-1-P displayed only a minor decrease (∼2%) in BET

surface area after the same exposure to water, which is

perfectly consistent with the XRD and SEM results.

In addition to enhanced water stability at room tem-

perature, we were delighted to find that the polymer

overlayer provides a protective barrier impeding the

ingression of water at even a higher operation tempera-

ture. Specifically, HKUST-1-P displays outstanding toler-

ance after exposure towater at 50 °C, in sharp contrast to

the pristine HKUST-1 (see Supporting Information Figures

S5–S7). The phase transformation of HKUST-1 after water

treatment is consistent with that reported in the litera-

ture.61 To further demonstrate the stability of the polymer

overlayer, the structural integrity of HKUST-1-P was in-

vestigated in various organic solvents. The results

showed that there was no significant change in the

morphology, crystallinity, and porosity of HKUST-1-P af-

ter being soaked in organic solvents (N,N-dimethyl form-

amide, methanol, and ethanol) for 24 h (see Supporting

Information Figures S8–S10), suggesting a high structural

stability of the coating polymer.

To verify the necessity of MAPTMS, HKUST-1 coated

with homopolymers (denoted as HKUST-1-HP) was pre-

pared as a control under similar conditions in the absence

of MAPTMS. Unexpectedly, upon the same 3-day water

treatment, the surface area of HKUST-1-HP was dramati-

cally reduced from 1279 to 61 m2/g (see Supporting

Information Figure S11). In addition, extreme erosion was

found in the morphology of HKUST-1-HP, and obvious

phase changewas also recorded by powder XRD analysis

(see Supporting Information Figures S12 and S13). The

results clearly illustrate the particular role of MAPTMS in

the formation of water-stable HKUST-1-P.

To demonstrate the universality of this overlayer coat-

ing strategy, two other representative MOFs, ZIF-67 and

MIL-125,62,63 which have completely different metals, lin-

kers, and structures from HKUST-1, were coated with the

hydrophobic polymer in the same way. As expected, the

water contact angles of ZIF-67 and MIL-125 increased

from 0° to 146° and 141°, respectively, after integrating

with the hydrophobic polymer (see Supporting

Information Figure S14). Furthermore, all the XRD, SEM,

and N2 adsorption and desorption data clearly suggest

that the coated ZIF-67 (ZIF-67-P) exhibits superior water

stability as compared to the parent ZIF-67 upon the same

water treatment for 4 days (see Supporting Information

Figures S15–S17). In contrast with the parent MIL-125, MIL-

125-Pmaintained its crystallinity, morphology, and poros-

ity after a 5-day exposure to water (see Supporting

Information Figures S18–S20). All these results strongly

demonstrate that this postsynthetic approach does not

require any special active groups to integrate the

Figure 3 | SEM images of (a and b) HKUST-1 and (c and d) HKUST-1-P (left) before and (right) after exposure to water

for 3 days (inset: enlarged images). (e) N2 sorption isotherms for HKUST-1 and HKUST-1-P before and after exposure to

water for 3 days.
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water-labile MOFs with polymer overlayer, highlighting

the generality of this strategy. Moreover, the increased

hydrophobicity arising from the polymer overlayer can

effectively reduce the exposure of metal clusters to wa-

ter, endowing the resultant MOFs with high tolerance to

humid environments.

We envision that the enhanced water stability and

surface hydrophobicity will make the resultant MOF

composites ideal heterogeneous catalysts for reactions

in water. It is widely recognized that water is a green,

sustainable, and promising solvent in catalytic syntheses

on account of its nontoxicity, abundance, and renewabil-

ity.64,65 The synthesis of benzimidazole, a classical

Lewis-acid catalyzed reaction, was initially chosen for

investigation due to its great potential in the develop-

ment of pharmacologically active compounds.66 Along

this line, the reaction is initiated by adding benzaldehyde

and the aqueous solution of o-phenylenediamine to a

round-bottom flask containing activated HKUST-1 or

HKUST-1-P under magnetic stirring at 25 °C. As expected,

HKUST-1-P possesses remarkable catalytic activity with a

high yield of >99% (Figure 4a). Under the same reaction

conditions, nearly 94% yield was achieved for HKUST-1.

To further clarify the effect of water stability and surface

hydrophobicity on the catalytic performance of MOFs,

the same reaction procedure was conducted three times

with HKUST-1 and HKUST-1-P, respectively. Impressively,

the catalytic activity of HKUST-1-Pwasmaintained during

the three successive reactions. In contrast, the yield of

benzimidazole gradually decreased to 63% in the third

run over HKUST-1. Surprisingly, the powder XRD patterns

of both HKUST-1 and HKUST-1-P after three recycling

experiments showed almost retained crystallinity (see

Supporting Information Figure S21).

To understand the reason behind the different recy-

cling performance between HKUST-1 and HKUST-1-P,

SEM observation and N2 adsorption/desorption studies

of these two catalysts after three catalytic cycles were

performed (see Supporting Information Figures S22 and

S23). Serious particle corrosion was found in HKUST-1,

whereas the original morphology of HKUST-1-P remained

intact, explaining the excellent recycling stability and

performance of the latter in the synthesis of benzimid-

azole. Furthermore, the BET surface area of HKUST-1

dramatically reduced (from 1451 to 135 m2/g), while

HKUST-1-P shows a minor change (from 1352 to

1017 m2/g) only, after the three runs of catalytic reaction.

This also demonstrates the decent stability of the hydro-

phobic HKUST-1-P composite. The difference between

the crystallinity and surface area of HKUST-1 after cata-

lytic cycling can be attributed to the different functions

of powder XRD and N2 adsorption measurements. Gen-

erally, the results obtained by N2 adsorption measure-

ment are more convincing and sensitive to evaluate the

porous structures of MOFs.67 The combination ofmultiple

detection analysis methods is more reliable to confirm

the structural integrity of MOFs. In addition, the above

results unambiguously prove that external hydrophobic

treatment does not block substrates from accessing the

catalytically active sites, and the hydrophobic polymer

overlayer plays a critical role in the catalytic reactions in

Figure 4 | Recycling performance comparison between HKUST-1-P (purple) and HKUST-1 (blue) in the three conse-

cutive catalytic runs in (a) the synthesis of benzimidazole and (b) the Knoevenagel condensation reaction.
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water, particularly with originally moisture-sensitive

MOFs.

Encouraged by the significantly improved catalytic

properties of HKUST-1-P with respect to its parent MOF,

we sought to investigate their catalytic performance in

the Knoevenagel condensation reaction with benzalde-

hyde and dimethyl malonate. Knoevenagel condensa-

tion, which is a general route to C–C bond formation,

can be catalyzed with Lewis basic or acidic sites.10 Using

water as the solvent, HKUST-1-P achieved a good yield of

91% after being stirred at 60 °C for 12 h (Figure 4b).

Nevertheless, only 46% conversion of substrate into the

target product over HKUST-1 was observed under iden-

tical conditions. Such a huge difference in catalytic ac-

tivity between these two catalysts can be attributed to

the much higher surface hydrophobicity of HKUST-1-P in

comparison with HKUST-1. This feature might allow hy-

drophobic substrates such as dimethyl malonate to be

enriched around the active sites in HKUST-1-P. In addition,

HKUST-1-P exhibits excellent recycling performance

without an activity drop in three consecutive cycles; by

contrast, the yield sharply decreases to 10%with HKUST-1

in the third run. Like the previous reaction, no significant

loss of crystallinity for HKUST-1 and HKUST-1-P was ob-

served based on the powder XRD patterns (see

Supporting Information Figure S24). The SEM images

demonstrate that HKUST-1 underwent serious corrosion

in the reaction, whereas HKUST-1-P particles essentially

preserve their original morphology due to the protection

endowed by the hydrophobic polymer overlayer (see

Supporting Information Figure S25). Similar observations

were made with N2 adsorption/desorption isotherms for

these two catalysts (see Supporting Information Figure

S26). Upon recycling experiments, a significant drop in

N2 uptake capacity revealed the structural change of

HKUST-1, while the slightly decreased surface area of

HKUST-1-P might be ascribed to the partial occupation

of the pore space by the residual product. All the results

clearly suggest that the water stability and surface hy-

drophobicity created by surface polymerization strategy

make HKUST-1-P an efficient and stable Lewis acid cata-

lyst for organic reactions in an aqueous environment.

Conclusion
We have developed a facile and universal approach to

coating a thin hydrophobic polymer overlayer on MOF

surfaces via one-step surface polymerization. Remark-

ably, the external hydrophobic overlayer serves as a

shield to protect theweakmetal–ligand bond from attack

of water molecules. More importantly, thanks to the high

water stability and hydrophobicity endowed by the poly-

mer overlayer, the resultant MOFs exhibit excellent cata-

lytic activity and recyclability toward water-mediated

organic reactions, far surpassing the parent MOFs. This

work not only provides a facile and general protocol to

improve water or moisture stability of MOFs but also

paves the way for the targeted fabrication of

MOF-based composites by the rational integration of

their specific attributes for diverse applications.

Supporting Information
Supporting Information is available and includes detailed

experimental procedures and additional figures.
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