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The self-assembly of metal–organic frameworks (MOFs) is crucial for the functional design of materials,

including energy storage materials, catalysts, selective separation materials and optical crystals. However,

oriented self-assembly of MOFs is still a challenge. Herein, we propose a novel strategy to drive oriented

self-assembly of MOF polyhedral particles at the water–liquid interface by photoinitiated monomer

polymerization. The MOF polyhedral particles self-assemble into ordered close-packed structures with

obvious orientation in the polymer film, and the orientation is determined by the casting solvent on the

water surface. The prepared large-area MOF polymer films show a Janus structure, containing a MOF

monolayer and a polymer layer, and can be easily transferred to a variety of substrates. In addition, mixed

MOF particles with different sizes and morphologies can also be assembled by this method. This novel

method can be foreseen to provide a powerful driving force for the development of MOF self-assembly

and to create more possibilities for utilizing the anisotropic properties of MOFs.
Introduction

Metal–organic frameworks (MOFs), also known as crystalline
polyhedral particles, possess anisotropic pore structures along
different crystal facets and show special physicochemical
properties depending on the crystallographic direction.1–6

Recently, the fabrication of oriented MOFs has attracted
increasing attention due to their applications in selective
separation, catalysis, optical equipment and energy storage.7–16

To achieve oriented growth of MOFs, most studies focused on
the surface functionalization of substrates or crystal engi-
neering.17–22 However, these methods can only be used to
fabricate single-type MOFs considering lattice matching, and
the preparation process is complex and time-consuming,
further limiting their versatility.

Self-assembly is a universal strategy to control the alignment
of building blocks, which is an ideal candidate for the fabrica-
tion of oriented MOFs. It has been widely used in constructing
superstructures of inorganic polyhedral nanoparticles (NPs) or
polymer colloidal particles.23–33 Regretfully, rapid progress in
the self-assembly of inorganic NPs did not promote the devel-
opment of MOFs in this eld. Assembling MOFs into super-
structures is promising in chemistry and materials science.34–38

However, only a few studies have used MOFs as building blocks
ces, Northeastern University, Shenyang,
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mation (ESI) available. See
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to construct multidimensional superstructures, and oriented
MOF assemblies are even less common. For example, focused
on 3D assembly, Maspoch et al. reported the self-assembly of
MOFs and the assembly of MOFs with colloidal particles into
ordered superstructures;39,40 Yu and coworkers synthesized
multiple types of ternary MOF-on-MOF heterostructures via
a selective assembly strategy.41 In contrast, 2D assembly tends to
fabricate oriented MOF materials. For example, Shi et al.
synthesized oriented MOF lms by air–liquid interfacial
assembly.42 However, the method is applicable only to at MOF
nanosheets and not to other polyhedral particles. Cohen and
coworkers fabricated MOF monolayer at the air–liquid interface
using polymer-brush-coated MOF polyhedral particles.43,44 Very
recently, they proposed a novel method to control the 2D
alignment of MOF polyhedral particles in polydimethylsiloxane
(PDMS) lms, which was achieved by casting different solvents,
including a dispersed MOF and heat-curable PDMS, to immo-
bilize the MOF particles at the water–liquid interface.45

Although this work is inspiring and encouraging, heat as the
reaction condition is relatively single and limited. By compar-
ison, light as a stimulus resource has some unique advantages,
such as high spatial and temporal resolution, variable tunable
parameters, and different light sources. Using light as the
stimulus to drive the self-assembly of MOFs will surely bring
new breakthroughs to the development of MOF assemblies.

Herein, we selected a light-responsive monomer to drive
oriented self-assembly of MOFs at water–liquid interfaces via
photoinitiated ring-opening polymerization of the monomers
(Scheme 1). To prove the universality of this method, two types
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Illustration of the preparation of oriented MOF polymer films.
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of MOF polyhedral particles (MIL-96 and UIO-66) and three
kinds of morphologies (spindle, hexagonal bifrustum, and
octahedral) were used. The resulting lms have a Janus struc-
ture, containing a MOF monolayer and a polymer layer, and the
alignment of MOF particles in the lms is close-packed and
oriented. Notably, the orientation of the MOF polyhedral
particles in the lm depends on the water–liquid interface
environment created by the casting solvents. In addition, mixed
MOF particle polymer lms can also be prepared by this
method. Notably, this is an effective strategy for driving MOF
self-assembly by simple light illumination without complex
surface modication.
Results and discussion
Fabrication of oriented MOF lms

Oriented MOF lms were synthesized by a conventional drop-
casting method. Briey, the solution containing dispersed
MOF polyhedral particles and photoresponsive monomer was
carefully dropped onto a water surface and immediately illu-
minated using portable UV light. As the monomer polymeriza-
tion, MOF polyhedral particles self-assemble into oriented MOF
polymer lms at the water–air interface. The process was rst
implemented using CH2Cl2 as the casting solvent. The synthetic
lm was transferred to a silicon wafer via a stamping operation,
and characterized by scanning electron microscopy (SEM),
atomic force microscope (AFM) and Fourier-transform infrared
(FT-IR). Compared with random MOF particles, the particles in
the lm assembled into ordered close-packed structures with
obvious orientations (Fig. 1 and S1†). The orientation corre-
sponding to the <hkl> direction of MOFs was veried by powder
X-ray diffraction (PXRD). For MIL-96, the orientation of the
polyhedral particles was related to the morphology. The MIL-96
particles with the spindle morphology aligned parallel to their
© 2022 The Author(s). Published by the Royal Society of Chemistry
long axis, corresponding to the <200> orientation, and the peak
of the <102> crystal plane disappeared (Fig. 1a, h and S2a†). In
the term of hexagonal bifrustum, MIL-96 kept the trapezoid
facet as the main crystal plane, corresponding to the <102>
orientation (Fig. 1b, i and S2b†). For octahedral UIO-66, the
particles aligned along the triangular facet, corresponding to
the <111> orientation, and the peak of the <200> crystal plane
disappeared (Fig. 1c, j and S2c†). Furthermore, the PXRD
measurements and crystallographically preferred orientation
(CPO) index quantifying the degree of crystal orientation veri-
ed the strong orientation of MOFs in the polymer lms (Table
S1†). The IR spectrum shown the lms were composed of
disulde polyurethane and MOF particles (Fig. S3†).

Interestingly, different from the mixed MOF polymer
membrane, the prepared MOF polymer lms have a Janus
structure. As shown in the cross-section SEM images, the poly-
mer layer is present over the monolayer of MOF particles
(Fig. 1d–f). This means that the MOF polyhedral particles self-
assembled at the water–solvent interface and the monomers
polymerized at the solvent–air interface. The synthesized MOF
polymer lm could achieve a size of nearly 24 cm2, and the MOF
polyhedral particles in the lm were uniform across the whole
lm, which was demonstrated by SEM images sampled at three
different locations in the lm (Fig. S4†). In addition, the MOF
polymer lm is freestanding and easily be transferred to other
substrates (Fig. S5†).
Controllable orientation of MOFs assembly by casting
solvents

To explore the reason for the oriented self-assembly, multiple
solvents with different parameters (including polarity, vapor
pressure, density, interfacial tension) were used as the casting
solvent to prepare the MOF lms (Table S2†). As shown in Fig. 2,
RSC Adv., 2022, 12, 19406–19411 | 19407
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Fig. 1 SEM images and PXRD patterns of the bottom surface of MOF polymer films prepared using different MOF particles with CH2Cl2 as the
casting solvent. (a, d and h) Spindle morphology of MIL-96; (b, e and i) hexagonal bifrustum morphology of MIL-96; (c, f and j) octahedral
morphology of UIO-66. The scale bar in the insert is 2 cm.

Fig. 2 SEM images of the bottom surface of the MIL-96 spindle morphology, MIL-96 hexagonal bifrustummorphology, and UIO-66 octahedral
morphology films prepared using different solvents: (a–c) THF; (d–f) CHCl3; (g–i) toluene. PXRD patterns of the films obtained using different
MOF and solvents: (j) MIL-96 spindle morphology, (k) MIL-96 hexagonal bifrustum morphology, and (l) UIO-66 octahedral morphology films.

19408 | RSC Adv., 2022, 12, 19406–19411 © 2022 The Author(s). Published by the Royal Society of Chemistry
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the orientation of the MOF in the lm is related with the
interfacial tension of the casting solvent. For solvents that are
miscible with water, such as tetrahydrofuran (THF) or dimethyl
sulfoxide (DMSO), MOF particles self-assembled into ordered
close-packed structures and showed a uniform crystal plane
orientation at the water–solvent interface (x-axis and y-axis)
(Fig. 2a–c and S6a–c†). Note that when DMSO was used as the
casting solvent, the polymer layer nearly covered the MOF layer.
This might be because DMSO is heavier than water; when the
casting solvent was dropped on the water interface, DMSO
rapidly diffused, resulting in the MOF layer being completely
coated in the polymer lm. With increasing interfacial tension
of the casting solvent, such as ethyl acetate (EAC) or CHCl3, the
assembly of MOF particles showed aggregation along the z-axis
direction, which disturbed the long-range order of the assembly
at the water–liquid interface (Fig. 2d–f and S6d–f†). In terms of
using casting solvents with higher interfacial tension, such as
toluene, the MOF particles in the lm showed random packing
(Fig. 2g–i). PXRD measurements and CPO index further veried
the change in the crystal orientation of the MOF lms with the
casting solvent (Fig. 2j–l and Table S3†). Based on the results,
a possible assembly process of the MOF particles is deduced.
When solvents are miscible with water or have a low interfacial
tension, they can quickly spread on the water interface aer
drop casting. During the polymerization of the monomers,
a shrinkage force is generated and acts on the MOF particles,
guiding the assembly. As the interfacial tension of the casting
solution increases, the solution cannot completely spread on
the water interface, resulting in aggregation of the MOF
assembly (Fig. S7†). Thus, the self-assembly of MOF polyhedral
particles is driven by the photoinitiated monomer polymeriza-
tion, and the oriented assembly of the MOF particles is
dependent on the interfacial tension of the casting solvent.
Fabrication of MOF lms under visible light

Because the self-assembly of the MOF particles is driven by the
shrinkage force of the monomer polymerization, some factors
that might affect the polymerization were also discussed, such
Fig. 3 SEM images and PXRD patterns of the mixed MOF films
prepared using CH2Cl2 as the casting solvent: (a and b) MIL-96 spindle
morphology and hexagonal bifrustummorphology film; (c and d) MIL-
96 spindle morphology and UIO-66 octahedral morphology film; (e
and f) MIL-96 hexagonal bifrustum morphology and UIO-66 octahe-
dral morphology film.

© 2022 The Author(s). Published by the Royal Society of Chemistry
as the light source and light intensity. The oriented assembly of
the MOF particles could also be driven by irradiation of visible
light, and the alignment of the MOF particles in the lm was
similar with that under UV light. Furthermore, the light inten-
sity showed no correlation with the alignment of the MOF
particles in the polymer lm (Fig. S8†).

Fabrication of mixed MOF particles lms

Assembly of mixed MOF particles was also implemented. The
spindle MIL-96 (4 mm) and octahedral UIO-66 (1 mm) with
similar morphologies assembled into a close-packing arrange-
ment, while the hexagonal bifrustum MIL-96 (6 mm) and octa-
hedral UIO-66 (1 mm) with greater size and morphology
differences resulted in gaps and aggregates in the lm (Fig. 3).
This might be because the difference in size and morphology of
the MOF particles resulted in inconsistent direction of the
shrinkage force that acted on them. The greater the size
difference of the mixed MOF particles, the more particles
aggregated in the z-axis direction, and more gaps appeared in
the lm.

Conclusions

In summary, a novel strategy capable of driving oriented self-
assembly of MOF polyhedral particles at the water–liquid
interface by photoinitiated monomer polymerization has been
proposed. The synthesized MOF lm has a Janus structure and
can be transferred to various substrates. The alignment of the
MOF particles in the polymer lm is close-packed and highly
oriented. In addition, mixed MOF polymer lms can also be
prepared by this method. This work can be foreseen to accel-
erate the development of MOF assemblies and provide a novel
strategy for utilizing the anisotropic properties of MOFs.

Experimental
Materials and instrumentation

DL-thioctic acid, 1,6-hexamethylene diisocyanate (HDI), and
dibutyltin dilaurate were purchased from J&K Scientic, Beijing,
China. Aluminum nitrate nonahydrate, 1,3,5-benzentricarbox-
ylic acid, terephthalic acid, and zirconium(IV) chloride were
obtained from Macklin, Beijing, China. Other reagents and
solvents were purchased from Sinopharm Chemical Reagent
Co., Ltd. All reagents and solvents were used without further
purication. A xenon light source was obtained from Shanghai
Jiguang Special Lighting Co. Ltd. Imagines of the product were
collected by eld-emission SEM (FE-SEM, Hitachi SU8010).
PXRD data were collected on a diffractometer equipped with
a Cu Ka radiation source (l ¼ 1.5406 Å).

Synthesis of UIO-66

Octahedral UIO-66 was synthesized according to a previous
study.46 Briey, ZrCl4 (0.14 g, 0.601 mmol) and terephthalic acid
(0.1 g, 0.602 mmol) were dissolved in 20 mL of dime-
thylformamide (DMF) by ultrasonication for 10 minutes, and
then, 2.774 mL of glacial acetic acid was added. The white
RSC Adv., 2022, 12, 19406–19411 | 19409
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solution was transferred to a 100 mL Teon kettle and heated to
120 �C for 24 hours. Aer cooling to room temperature, the
white powder was washed 3 times with DMF and methanol
each.

Synthesis of MIL-96

The MIL-96 particles with the spindle morphology and hexag-
onal bifrustum morphology were prepared according to
a previous study.47 For hexagonal bifrustum MIL-96, Al(NO3)3-
$9H2O (1.5 g, 4 mmol) and 1,3,5-benzentricarboxylic acid
(0.84 g, 4 mmol) were dissolved in 18 mL of a mixture of DMF
and H2O in a 1 : 4 volumetric ratio (v/v), and then, 2.28 mL of
glacial acetic acid was added. The mixture solution was trans-
ferred to a 100mL Teon kettle and heated 130 �C for 24 h. Aer
cooling, the white powder was washed 3 times with DMF and
methanol each. Similarly, spindle MIL-96 was synthesized with
a 1 : 4 ratio of the THF : H2O mixture.

Preparation of orientated MOF lms

100 mg of DL-thioctic acid was dissolved in 0.5 mL of casting
solvent in a vial; then, 25 mL of HDI and 10 mL of dibutyltin
dilaurate were added, and the vial was shaken for 5 minutes.
Aer that, different MOF particles (5 mg for UIO-66, 10 mg for
MIL-96) were dispersed in 100 mL of this solution. 25 mL of the
casting solution was carefully dropped on a water surface and
immediately irradiated by a portable ultraviolet lamp for 10
minutes.
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Aken and E. Klemm, Angew. Chem., Int. Ed., 2022, 61,
20211058.

33 W. Cao and H. P. Xu, Mater. Chem. Front., 2019, 3, 2010–
2017.

34 H. B. Zou, J. Y. Dai, J. Q. Suo, R. Ettelaie, Y. Li, N. Xue,
R. W. Wang and H. Q. Yang, Nat. Commun., 2021, 12,
4968–4979.

35 J. W. Wang, Y. Liu, G. Bleyer, E. S. A. Goerlitzer, S. Englisch,
T. Przybilla, C. F. Mbah, M. Engel, E. Spiecker, I. Imaz,
D. Maspoch and N. Vogel, Angew. Chem., Int. Ed., 2022,
e202117455.
© 2022 The Author(s). Published by the Royal Society of Chemistry
36 J. M. Guo, Y. L. Yu, W. Zhu, R. E. Serda, S. Franco, L. Wang,
Q. Lei, J. O. Agola, A. Noureddine, E. Ploetz, S. Wuttke and
C. J. Brinker, Adv. Funct. Mater., 2021, 31, 2005935.

37 Y. Jiang, X. Pan, M. Yao, L. Han, X. Zhang, Z. Jia, J. Weng,
W. Chen, L. Fang, X. Wang, Y. Zhang, R. Duan, F. Ren,
K. Wang, X. Chen and X. Lu, Nanotoday, 2021, 39, 101182.

38 Y. X. Shi, Y. Wu, S. Q. Wang, Y. Y. Zhao, T. Li, X. Q. Yang and
T. Zhang, J. Am. Chem. Soc., 2021, 143, 4017–4023.
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