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Metal-organic frameworks (MOFs) show great potential for various applications, but many of them suffer
from the drawbacks of hydrolysis propensity and poor processability. Herein, we employ polymers of
intrinsic microporosity (PIMs) with hydrophobic pores to decorate MOFs toward substantially improved
water stability and shapeability. Through simple PIM-1 decoration, the sub-5 nm polymer layers can be
uniformly deposited on MOF surfaces with almost no deterioration in porosity. Owing to the existence
of superhydrophobic coating and the obstruction of water entrance into MOFs, the PIM-1 coated CuBTC
exhibits impressive water resistance and excellent pore preservation ability after exposure in water, even
in acidic and alkaline solutions. Moreover, polymer decoration improves the processability of MOFs, while
various MOF/PIM-1 bulk wafers and oil-water separators can be obtained straightforwardly.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metal-organic frameworks (MOFs), as a kind of porous crys-
talline materials coordinated with metal ions/clusters and organic
linkers, show bright prospect and fabulous performance in nu-
merous applications, such as, but not limited to, adsorption [1-4],
molecular separation [5-7], catalysis [8-10], energy storage
[11] and biomedicine [12], due to their exceptional porosities, large
surface areas, and adjustable chemical properties. However, since
metal-linker coordination bonds have propensity to be hydrolyzed,
many of MOFs suffer from the bottleneck of poor moisture and
water stability and may collapse in water and moist environments
[13-15].

Various strategies have been developed for diminishing MOF
vulnerability to water. Generally, design of MOFs with high-
valent metal cations or hydrophobic linkers, e.g., FMOF-1, UiO-66
and BIT-66, is beneficial to form forceful coordination bonds or
build hydrophobic cavities for achieving admirable water resistance
[16-20]. Unfortunately, for many MOFs with desirable function
but poor stability, this fashion is unavailable. In order to ame-
liorate MOF stability to water, post-synthetic modification ap-
proaches, based on pore impregnation and surface decoration, are
exploited for restraining the combination between water molecules
and metal centers. For pore impregnation, the hydrophobic moi-
eties are incorporated into the pores of frameworks and react
with the active sites of MOFs [21-24]. Such as, the hydrophobic
alkyl chains or aromatic acetylenes could be grafted or polymer-
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ized into MOFs to repel water association at metal centers for en-
hancing the moisture resistance [23,24]. Nevertheless, this method
has strict requirements on the reactive sites of frameworks and in-
serted components, which will narrow the type scopes of MOFs to
be modified and molecules used for grafting. Meanwhile, the inher-
ent porosities and physicochemical characteristics will be degraded
and altered. For surface decoration, the hydrophobic molecules or
polymers are grafted or deposited on surface to prevent water
from entering MOF inside [25-29]. For examples, MOF stabilization
could be performed through grafting by fluorination michael addi-
tion and deposition of hydrophobic polydimethylsiloxane on crystal
surfaces to restrict hydrolysis of coordination bonds [28,29]. Sur-
face grafting is limited by the tedious procedures and the MOF
reactive sites as well. Moreover, the additional nonporous layers
may cause the declines in specific surface area and diffusion rate
of molecules in coated layers. It is of greatly scientific interest to
implement MOF stabilization in a facile and general manner under
the premise of maintaining MOF properties.

Herein, we apply polymers of intrinsic microporosity (PIMs)
with hydrophobic pores to decorate MOFs for simultaneously re-
alizing MOF stabilization and pore preservation. Through simply
immersion coating, an ultrathin polymer layer below 5 nm can
be deposited on MOF surface for reducing the entry of water into
MOFs (Fig. 1). The PIM-1 coated CuBTC shows the features of su-
perhydrophobicity, well-maintained inherent pore accessibility, and
substantially improved water stability, which can retain their crys-
talline structures and adsorption behaviors even after treating by
acidic and alkaline aqueous solutions. Moreover, limited by the
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Fig. 1. PIM-1 decoration of MOFs. (a) Schematic illustration of PIM-1 decoration for
improving water stability of MOFs. After decoration, the blue CuBTC turns to aqua-
marine of CuBTC/PIM-1. (b) Structure of the MOF/PIM-1 bulk wafer. (c) Structure of
the MOF/PIM-1 separator.

features of insolubility and fragility, MOFs are far less processable
than some other materials, for example polymers. The inferior pro-
cessability is another drawback of MOFs for application. Profiting
from the outstanding moldability of polymers, the PIM-1 decora-
tion can make up the poorly processable issue of MOF crystals.
Various MOF/PIM-1 bulk devices, including wafers and oil-water
separators, can be straightforwardly prepared.

CuBTC, composed by paddle wheel copper centers and 1,3,5-
benzenetricarboxylic acid (BTC) linkers, is promising for diverse

applications but relatively sensitive to water [30,31]. PIM-1],
consisted of rigid and contorted polymer chains, possesses
superhydrophobic porous structures [32,33]. Thus, CuBTC and

PIM-1 were employed as probes to demonstrate the feasi-
bility of the reported simple coating method for improving
water stability of MOFs. The PIM-1 powder, synthesized by
polycondensation between 2,3,5,6-tetrafluoroterephthalonitrile and
5,5/,6,6’-tetrahydroxy-3,3,3/,3’-tetramethyl-1,1’-spirobisindane, ex-
hibited Brunauer-Emmett-Teller (BET) specific surface area of
807 m?/g and pore volume of 0.62 mL/g (Fig. S1 in Supporting in-
formation). For fabrication of CuBTC/PIM-1, the PIM-1 powder was
dissolved in chloroform and then coated on the surface of CuBTC
crystals by simple immersion method. The color of CuBTC/PIM-1
was aquamarine caused by the mixture of blue from CuBTC and
yellow from PIM-1 (Fig. S2 in Supporting information). As observed
from Fourier transform infrared (FTIR) spectrum of PIM-1 (Fig. 2a),
there were characteristic peaks for -CH at 2955 cm~!, -CN at
2240 cm~! and C-0-C at 1265 and 1310 cm~! [34]. The CuBTC and
CuBTC/PIM-1 particles had analogous FTIR spectra with Cu-O peak
at 730 cm~! and 0-C=0 peak at 1365, 1455 and 1645 cm~!. No
obvious PIM-1 characteristic peaks in CuBTC/PIM-1 might be ex-
plained by too low PIM-1 content. X-ray photoelectron spectropho-
tometry (XPS) spectra illuminated the appearance of a new C-0-C
peak and the increase of nitrogen content to 2.6%, which corrobo-
rated the successful PIM-1 decoration (Fig. 2b, Fig. S3 and Table
S1 in Supporting information). It was noteworthy that the cop-
per signal of CuBTC could still be observed in XPS spectrum of
CuBTC/PIM-1, though the element content decreased from 5.3% to
1.8%. Considering the detection depth of XPS at several nanome-
ters [35-37], it could be deduced that the PIM-1 coating layer was
ultrathin.

Scanning electron microscopy (SEM) and optical microscopy im-
ages verified that the CuBTC and CuBTC/PIM-1 powders had simi-
lar octahedral structures (Fig. S4 in Supporting information). To vi-
sually examine the PIM-1 layer, transmission electron microscopy
(TEM) images of CuBTC and CuBTC/PIM-1 were captured. It was
clear that an ultrathin polymer layer below 5 nm was uniformly
deposited on the CuBTC crystal (Fig. 2c and Fig. S5 in Support-
ing information), which agreed with the XPS and FTIR results.
This decorated layer was much thinner than the deposited coats
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of MOF composites reported in previous studies with thickness of
tens of nanometers at least [28,29]. X-ray energy dispersion spec-
troscopy mapping images of CuBTC/PIM-1 confirmed the homoge-
neous distributions of oxygen (CuBTC, PIM-1), carbon (CuBTC, PIM-
1), copper (CuBTC) and nitrogen (PIM-1) (Fig. 2d). X-ray diffrac-
tion (XRD) patterns and nitrogen adsorption-desorption isotherms
at 77 K were collected to study the crystalline and porous struc-
tures (Figs. 2e and f). For PIM-1, the bread peak in XRD pattern val-
idated its amorphous structure. The CuBTC/PIM-1 displayed a con-
sistent XRD pattern as experimental and simulated ones, suggest-
ing the typical CuBTC textures and the intact crystalline structures
after PIM-1 decoration (Fig. 2e). Nitrogen isotherms indicated that
the BET specific surface area and pore volume of the CuBTC crystal
were 1116 m?/g and 0.61 mL/g, respectively. Given that the PIM-1
layer was ultrathin and porous, the CuBTC/PIM-1 exhibited almost
the same porosity with surface area and pore volume of 1070 m?/g
and 0.60 mL/g, respectively (Fig. 2f and Table S2 in Supporting in-
formation). To study the thermal stability of CuBTC/PIM-1, thermo-
gravimetric analysis (TGA) measurement was conducted in N, at-
mosphere. In Fig. S6 (Supporting information), the weight loss (8.5
wt%) of CuBTC/PIM-1 below 150 °C corresponded to the evapora-
tion of water and guest molecules [38,39]. And a plateau could be
captured within temperature range from 150 °C to 300 °C, indicat-
ing the good thermal stability of CuBTC/PIM-1 below 300 °C.

To investigate the stability, the prepared MOF powders were
dispersed in water. After exposure for three days, by reason of
hydrolysis, the deep blue CuBTC crystals changed to light blue
(Fig. 3a). The morphology of H,O-CuBTC became distorted from
regular octahedron to rod and the XRD patterns varied dramati-
cally (Figs. 3a and b, Fig. S7 in Supporting information), revealing
its structural transformation. As well, the emergence of new -OH
peak from Cu(OH), at 3000-3300 cm~! and the diversifications of
Cu-0 at 730 cm~! and -COOH at 1720 cm~! in FTIR spectrum of
H,0-CuBTC manifested the hydrolysis of coordination bonds and
decomposition of chemical structures (Fig. S8 in Supporting in-
formation) [40]. As expected, the BET specific surface area and
pore volume sharply dropped to 89 m2/g and 0.11 mL/g, respec-
tively (Fig. 2f and Table S2). All above results illustrated the se-
rious corrosion of CuBTC caused by water molecule attack after
water treatment. In contrast, the H,O-CuBTC/PIM-1 showed hardly
any changes in color, morphology, XRD pattern and FTIR spectrum
compared with the original one (Figs. 3a and b, Figs. S7 and S8
in Supporting information). The porous merit of H,O0-CuBTC/PIM-1
was well-inherited, with BET specific surface area of 998 m?/g and
pore volume of 0.67 mL/g (Fig. 2f and Table S2). The identically
crystalline, chemical, and porous properties of CuBTC/PIM-1 and
H,0-CuBTC/PIM-1 demonstrated that the MOF water stability had
been substantially improved after PIM-1 decoration. As presented
in Fig. 3¢, the PIM-1 decoration had competitive porosity preserva-
tion capability during MOF modification and water treatment pro-
cesses. The preservation ratios of surface areas after PIM-1 modi-
fication (Py) and water treatment (Py) for CuBTC/PIM-1 and H,0-
CuBTC/PIM-1 were calculated up to 96% and 93%, respectively (Ta-
ble S3). These values were in good correlation with the above char-
acterization results (e.g., SEM, FTIR and XRD) and superior to those
of most reported MOFs.

For understanding stabilization mechanism, we measured the
water contact angles and water vapor adsorption-desorption be-
haviors of CuBTC and CuBTC/PIM-1. The water droplet was quickly
absorbed by the CuBTC powder within 3 s, and the correspond-
ing water contact angle was ~0° (Fig. 3d), suggesting the good
hydrophilicity. Comparatively, for CuBTC/PIM-1, the spherical water
droplet could be held on the powder, and the water contact angle
reached as high as 155° (Fig. 3d). This phenomenon proved that
the PIM-1 decoration endowed the CuBTC/PIM-1 composite with
superhydrophobicity. Fig. 3e showed the water vapor isotherms
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Fig. 2. Characterizations of CuBTC/PIM-1. (a) FTIR spectra of PIM-1, CuBTC and CuBTC/PIM-1. (b) C 1s XPS spectra of CuBTC and CuBTC/PIM-1. (¢) TEM images of CuBTC/PIM-1.
(d) X-ray energy dispersion spectroscopy mapping images of CuBTC/PIM-1. (e) XRD patterns of PIM-1, simulated CuBTC, CuBTC and CuBTC/PIM-1. (f) Nitrogen uptakes of

CuBTC, CuBTC/PIM-1, H,0-CuBTC and H,0-CuBTC/PIM-1 at 77 K.
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Fig. 3. Stability of CuBTC/PIM-1. (a) Digital photographs and SEM images of H,0-CuBTC and H,0-CuBTC/PIM-1 after water treatment for three days. (b) XRD patterns of H,0-
CuBTC and H,0-CuBTC/PIM-1 after water treatment for three days. XRD pattern of CuBTC is presented for comparison. (c) Comparison of MOF/PIM-1 in this study with other
modified MOFs for preservation ratios of BET specific surface areas. Py; and Py are preservation ratios during modification and water treatment processes, respectively. The
related data are listed in Table S3 (Supporting information). (d) Digital photographs and water contact angle images of CuBTC and CuBTC/PIM-1. (e) Water vapor adsorption-
desorption isotherms of PIM-1, CuBTC, and CuBTC/PIM-1 at 298 K. (f) XRD patterns of CuBTC/PIM-1 after treating by acidic and alkaline solutions with different pH for three

days.

of PIM-1, CuBTC, and CuBTC/PIM-1. The PIM-1 powder had typ-
ical water vapor adsorption-desorption curves of porous materi-
als with superhydrophobic pores [41]. As a result of open metal
sites, the CuBTC particle possessed good hydrophilicity with rapid
adsorption at low pressure and high water uptake of 582 mlL/g.
Meanwhile, owning to the strong affinity of metal centers to water
molecules, a clear hysteresis loop appeared in isotherms [41]. For
CuBTC/PIM-1, the water adsorption capacity had great reduction to
416 ml/g, especially at low pressure. Interestingly, the adsorption
for CuBTC/PIM-1 took longer times to reach equilibrium than that
for CuBTC, indicating the effective limitation of water molecule dif-
fusion through PIM-1 layers. Therefore, the significantly improved
water resistance of CuBTC/PIM-1 was attributed to the remark-
ably enhanced hydrophobicity and the effective hindrance of PIM-1

to water. We further assessed the stability of MOF/PIM-1 under
harsh conditions, through exposure in acidic and alkaline solutions
with different pH for three days. The unaltered XRD patterns tes-
tified that CuBTC/PIM-1 maintained its intrinsic crystalline struc-
tures (Fig. 3f). The identical characteristic peaks of FTIR spectra for
CuBTC/PIM-1 after treatment in different acidic and alkaline solu-
tions revealed the unvaried chemical structures (Fig. S9 in Support-
ing information). These results confirmed the commendable stabil-
ity of the CuBTC/PIM-1 even under harsh conditions.

Gas adsorption properties of the prepared MOF materials be-
fore and after water treatment were evaluated at 298 K. All
MOFs showed gas adsorption capacities with order of CO, and N,
(Figs. 4a and b), which were in accordance with the quadrupole
moments and polarizabilities of three gases [42,43]. Thanks to
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Fig. 4. Gas adsorption performances. (a) CO, and (b) N, adsorption isotherms of
CuBTC, CuBTC/PIM-1, H,0-CuBTC, and H,0-CuBTC/PIM-1. (c) CO, and N, uptakes of
CuBTC, CuBTC/PIM-1, H,0-CuBTC, and H,0-CuBTC/PIM-1. (d) CO,/N, adsorption se-
lectivity. The selectivity was calculated by ideal adsorption solution theory based
on fitting adsorption isotherms with single-site Langmuir-Freundlich model. The
H,0-CuBTC and H,0-CuBTC/PIM-1 samples were prepared by treating CuBTC and
CuBTC/PIM-1 in water for three days, respectively.

the well-maintained pore accessibility from ultrathin porous layer
and the unprecedented stability of the MOF composite, the
CuBTC/PIM-1 and H,0-CuBTC/PIM-1 powders displayed similar gas
uptakes as CuBTC, with CO, adsorption capacities in the range of
45-48 mL/g at 100 kPa, respectively (Fig. 4c and Table S4 in Sup-
porting infomation). It should be noted, the difference in times of
equilibrium adsorption for three materials was negligible, which
illustrated that the ultrathin and porous PIM-1 layers did not af-
fect the gas diffusion in MOFs. Conversely, the gas uptakes of H,0-
CuBTC deteriorated grievously, yet the CO, adsorption capacities
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were still achieved at 23.5 mL/g, respectively. Compared with the
decline ratios of surface area (92%) and pore volume (82%), the re-
duction of CO, (51%) adsorption capacity was not so severe. The
CO, adsorption isotherm of H,0-CuBTC was more convex than
other prepared MOFs, with larger growth rate at low pressure re-
lated to maximum adsorption capacity (Fig. S10 in Supporting in-
fomation). Gas adsorption behavior is governed by porous features
and active sites of adsorbents. The serious deformation in surface
area and pore volume of H,O-CuBTC resulted in the degenera-
tion of gas uptakes, while the existence of Cu(Il) metal sites and
the exposure of polar carboxyl groups in decomposed CuBTC after
hydrolysis still contributed to gas adsorption [40,44]. Hence, the
H,0-CuBTC particle had less degradation of gas adsorption than
porosity and showed more convex isotherms than other MOFs. The
CO,/N, adsorption selectivity was calculated by ideal adsorption
solution theory based on fitting adsorption isotherms with single-
site Langmuir-Freundlich model. For CO,/N, (50:50) system, the
CuBTC CuBTC/PIM-1, H,0-CuBTC and H,0-CuBTC/PIM-1 powders
showed similar selectivity about 20 at 100 kPa (Fig. 4d and Ta-
ble S4). Because of the more convex curve for CO,, the H,O-CuBTC
powder had higher CO,/N, selectivity at low pressure than oth-
ers. Relative to water-vulnerable CuBTC, the superhydrophobic and
water-stable CuBTC/PIM-1 displayed invariable gas adsorption ca-
pacity and selectivity, even after water treatment.

For crystalline MOF materials, the inferior processability is
one of bottlenecks for application [45-48]. Inspired by the excel-
lent moldability of polymers, we attempted to shape MOFs into
bulk materials by combining PIM-1. Through solidification of the
CuBTC/PIM-1 suspension in a cylindrical mold, the CuBTC/PIM-1
bulk wafer with high MOF content of 97 wt% could be prepared
simply (Fig. 5a). The PIM-1 polymer could play the role of glue
to bond the CuBTC particles together. Besides molding bulk ma-
terials, the MOF/PIM-1 could be coated on the surfaces of vari-
ous materials. We decorated the polypropylene (PP) textile fiber
nets from masks by MOF/PIM-1. After deposition of CuBTC/PIM-1,
the white fiber net changed to aquamarine (Fig. 5b). The prepared
CuBTC/PIM-1/PP net had remarkable hydrophobicity but excellent

-

Fig. 5. Applicability of PIM-1 decoration. (a) Digital photograph and SEM images of CuBTC/PIM-1 bulk wafer. (b) Digital photographs of the original PP net, CuBTC/PIM-1/PP,
MIL-101/PIM-1/PP and UiO-66-NH,/PIM-1/PP nets. The water and n-hexane droplets were dropped on nets for illuminating the hydrophobicity and lipophilicity, respectively.
(c-e) Digital photographs of the CuBTC/PIM-1/PP, MIL-101/PIM-1/PP, and UiO-66-NH,/PIM-1/PP nets for oil-water separation. The water was colored by dye for clarifying.
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n-hexane wettability. Intrigued by these merits, the CuBTC/PIM-
1/PP net was applied for separating oil-water mixture. As shown
in Fig. 5c, the transparent organic n-hexane phase immediately
and totally passed through the CuBTC/PIM-1/PP separator and en-
tered into the beaker, while the purple water was intercepted
completely with the separation efficiency large than 99%. The re-
producibility test of CuBTC/PIM-1/PP in the oil-water separation
was conducted. As shown in Fig. S11 (Supporting information),
the separation efficiency of CuBTC/PIM-1/PP was not influenced
by the cycle time and maintained above 99%, proving its ex-
cellent recyclability. The XRD patterns of CuBTC/PIM-1/PP before
and after oil-water separation were measured and displayed in
Fig. S12 (Supporting information). Obviously, the CuBTC/PIM-1/PP
displayed good stability and maintained its crystal structure af-
ter five cycles of oil-water separation. To present the universality
of decoration, the MIL-101, composed by chromium-based centers
and 1,4-benzenedicarboxylic acid linkers, and UiO-66-NH,, made
by zirconium-based centers and 2-aminoterephthalic acid linkers,
were further utilized for coating on the PP nets. The green MIL-
101/PIM-1/PP and yellow UiO-66-NH,/PIM-1/PP separators exhib-
ited fantastic hydrophobicity and lipophilicity (Fig. 5b), and dis-
played excellent oil-water separation performances with the sep-
aration efficiencies all above 99% (Figs. 5d and e).

In summary, we developed a facile, mild, and versatile strategy
for improving the water resistance of MOFs, based on the combi-
nation of porous polymers with hydrophobic pores. The PIM-1 lay-
ers with ultrathin thickness below 5 nm were uniformly coated on
MOF surfaces by simple immersion. Because of the ultrathin and
porous properties of the polymer layers, the PIM-1 coated CuBTC
showed almost no decrease in surface area and pore volume. Since
the PIM-1 layers could endow CuBTC/PIM-1 with superhydropho-
bicity and provide the hindrance for water into MOFs, the pre-
pared composites had substantially enhanced stability to water and
could keep their crystalline and chemical structures, porous fea-
tures, and gas adsorption performances after exposure in water for
several days at least, even in acidic and alkaline solutions. More-
over, the introduction of polymers facilitated the processability of
MOFs. Through simple polymer solidification, the MOF/PIM-1 could
be shaped into bulk wafer using molds and coated on nets to pre-
pare oil-water separators. Overall, the strategy reported herein of-
fers an alternative route for obtaining MOF composites and devices
with impressive stability and performance in a scalable, highly pro-
cessable and general manner.
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