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中 文 摘 要 ： 本專題計畫的研究主題在 “多孔性金屬有機骨架之缺陷誘導合成與
特性研究＂，進行了MOF合成時，在合成以及處理過程中，因為溶劑
的交換以及脫附，誘導缺陷結構產生結晶化孔洞骨架的生成或提升
。研究成果包括了：(1)二價/三價/四價金屬離子的MOFs；(2) 二
/三/四羧酸的配位基的MOFs；(3)不同溶劑與反應時間調控之缺陷
MOFs。在MOF的應用研究上，展現了油水分離以及揮發性有機化合物
的吸附移除的高效應用能力。

中文關鍵詞： 孔洞材料，缺陷結構，金屬有機骨架，溶劑，油水分離，揮發性有
機化合物

英 文 摘 要 ： The research topic of this project is " Defect induced
synthesis of porous metal-organic frameworks". When MOF was
synthesized, the exchange and desorption of solvents induce
crystallization of the defective structure during synthesis
and processing. The research included: (1) MOF of
divalent/trivalent/tetravalent metal ions MOFs; (2) the
ligand of di/tri/tetracarboxylate MOFs; (3) defective MOF
controlled by different solvents and reaction time. In the
application research of MOF, this project has demonstrated
the high-efficiency application ability of oil-water
separation and the adsorption and removal of volatile
organic compounds.

英文關鍵詞： Porous materials, defect structure, Metal-organic
framework, solvent, oil-water separation, volatile organic
compounds
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中文摘要: 
本專題計畫的研究主題在 “多孔性金屬有機骨架之缺陷誘導合成與特性研究＂，進行了

MOF合成時，在合成以及處理過程中，因為溶劑的交換以及脫附，誘導缺陷結構產生結

晶化孔洞骨架的生成或提升。研究成果包括了：(1)二價/三價/四價金屬離子的MOFs；(2) 
二/三/四羧酸的配位基的MOFs；(3)不同溶劑與反應時間調控之缺陷MOFs。在MOF的應

用研究上，展現了油水分離以及揮發性有機化合物的吸附移除的高效應用能力。 
 

關鍵詞：孔洞材料，缺陷結構，金屬有機骨架，溶劑，油水分離，揮發性有機化合物 

 
 
英文摘要: 
The research topic of this project is " Defect induced synthesis of porous metal-organic 
frameworks". When MOF was synthesized, the exchange and desorption of solvents induce 
crystallization of the defective structure during synthesis and processing. The research 
included: (1) MOF of divalent/trivalent/tetravalent metal ions MOFs; (2) the ligand of 
di/tri/tetracarboxylate MOFs; (3) defective MOF controlled by different solvents and reaction 
time. In the application research of MOF, this project has demonstrated the high-efficiency 
application ability of oil-water separation and the adsorption and removal of volatile organic 
compounds. 
 
Key Words： Porous materials, defect structure, Metal-organic framework, solvent, oil-water 
separation, volatile organic compounds 
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報告內容 

 

報告內容：前言、研究目的、研究方法、結果與討論。 

 

前言 

本研究計畫「多孔性金屬有機骨架之缺陷誘導合成與特性研究」，主要研究計畫所要探討或解決的問題，

在於真實的MOF晶體結構中具有局部的缺陷，聚焦研究缺陷誘導MOF合成特性的基礎研究，預期能影

響與提升MOF材料性質以及化學活性。本研究不論在基礎MOF合成與鑑定上迭有優質成果，在應用上

也在分離與吸附上展現了高性能的開發成果。 

相關研究成果，在計畫三年期間，已發表在化學領域優質期刊的計有: Dalton Transactions、Nature 

Chemistry、Matter、Microporous and Mesoporous Materials等。 

 

研究目的 

此專題研究計畫之研究目的在於有系統的研究MOF缺陷各種性質和應用。研究MOF缺陷不僅是為了更

好地理解所觀察到的MOF化學，而且還要進一步微調它們的化學與物理特性，更進一步，缺陷可以打

開MOF新的視野，超越原先MOF本質的功能和局限性，特別是在催化，儲氣或分離以及化學傳感應用

方面，以及工業量產上，可以有所增進與突破。 

 

研究方法 

本研究探討一般加熱法所合成出的MOF在金屬與配位基比例上的調控及骨架穩定性保存的同時，製造

出結構上的缺陷，希望藉此提升MOF孔洞材的氮氣等溫吸附量以及比表面積。而一些難以直接合成的

MOF，也將藉由缺陷誘導進行結構轉化為多孔性新穎MOF。 

 

結果與討論 

本研究計畫「多孔性金屬有機骨架之缺陷誘導合成與特性研究」，主要的工作內容為進行了MOF合成

時，在合成以及處理過程中，因為溶劑的交換以及脫附，誘導缺陷結構產生結晶化孔洞骨架的生成或

提升。研究成果包括了：(1)二價/三價/四價金屬離子的MOFs；(2) 二/三/四羧酸的配位基的MOFs；(3)

不同溶劑與反應時間調控之缺陷MOFs。在MOF的應用研究上，展現了油水分離以及揮發性有機化合物

的吸附移除的高效應用能力。 

本研究計畫三個年度所完成的代表性研究工作結果與討論發表如附加論文: 
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The spontaneous self-assembly of protein chains into well-
defined three-dimensional structures and its reverse protein 
unfolding process under thermal or chemical treatment have 

inspired researchers to explore the mechanisms of folding and 
unfolding for inspiration in the design of biomimetic systems1–3. 
Analogous to the folded protein structure that is determined by the 
amino acid sequence, the natural self-assembly of metal–organic 
frameworks (MOFs) is also predetermined by the geometries and 
connectivies of metal clusters and organic linkers. Metal–organic 
frameworks are a series of highly crystalline, porous and ordered 
hybrid materials that are constructed with various porosities, func-
tionalities and properties. Early MOFs mainly exhibit a robust and 
rigid framework, whereas crystalline–amorphous transitions are 
sometimes observed for crystalline MOFs that go on to become 
amorphous under solvent removal4,5. Furthermore, flexible MOFs 
that respond to external stimuli such as pressure, temperature, light 
or ad/desorption of solvents or gases have recently gained atten-
tion in the literature6–12. The tunability of the rigidity and dynamics 
has resulted in the development of extensive applications in areas 
such as gas storage and separation, catalysis and drug delivery. Yet 
many flexible MOFs typically only undergo volume and bond angle 
changes while the topology and connectivity between clusters and 
linkers are maintained. For instance, the swing effects of linkers 
and the corresponding control over flexibility have been studied in 
ZIF-8 for controlled gas adsorption and separation13,14.

In some cases, the flexible behaviours of MOFs that are typified 
by coordination changes such as ligand migration can be observed 
after a resolvation/desolvation or cluster metallation process inside 
of the structure15,16; for example, there is reversible interpenetration 
between zinc-based MOF-123 and MOF-246 that is triggered by 
solvent removal and addition17. Brammer, Morris and co-workers 
reported a non-porous Cu-SIP-3 that shows a dehydration-driven 
hemilabile structural transformation with changes observed in con-
nectivity and coordination. This hemilability comes from the dif-
ferent coordination bonding strengths of the metal centres to the 
carboxylate and sulfonate groups of the 5-sulfoisophthalate link-
ers18,19. Similar carboxylate slippage on ligand removal has also been 
observed in Zn- and Ce-MOFs20,21. When reacting with M2+, the 
coordinatively unsaturated Zr6O4(OH)8(H2O)4 clusters in Zr-MOFs 
undergo metallation that is accompanied by cooperative carboxylate 
migration without altering the topology; however, in these examples, 
the degree of slippage and the distance of the coordinating linkers 
have been mostly limited to a small range in certain crystal features, 
only resulting in a slight change in the pore size or shape. Larger 
changes to the crystal structures reported so far (that is, notable 
variations in the topology and porosity) have been mostly irrevers-
ible. The correlated local bond environments in reticular chemistry 
also limit the freedom of the building blocks inside the framework. 
Research into advanced functionalities and applications in MOFs 
demand an even greater control over their structural parameters via 

Rapid desolvation-triggered domino lattice 
rearrangement in a metal–organic framework
Sheng-Han Lo   1,2,13, Liang Feng   3,13, Kui Tan4, Zhehao Huang   5, Shuai Yuan3, Kun-Yu Wang3, 
Bing-Han Li1, Wan-Ling Liu6, Gregory S. Day3, Songsheng Tao7, Chun-Chuen Yang8, Tzuoo-Tsair Luo2, 
Chia-Her Lin   9,10,11*, Sue-Lein Wang   1,9*, Simon J. L. Billinge   7,12, Kuang-Lieh Lu   2*, Yves J. Chabal4*, 
Xiaodong Zou5 and Hong-Cai Zhou   3*

Topological transitions between considerably different phases typically require harsh conditions to collectively break chemi-
cal bonds and overcome the stress caused to the original structure by altering its correlated bond environment. In this work 
we present a case system that can achieve rapid rearrangement of the whole lattice of a metal–organic framework through a 
domino alteration of the bond connectivity under mild conditions. The system transforms from a disordered metal–organic 
framework with low porosity to a highly porous and crystalline isomer within 40 s following activation (solvent exchange and 
desolvation), resulting in a substantial increase in surface area from 725 to 2,749 m2 g–1. Spectroscopic measurements show 
that this counter-intuitive lattice rearrangement involves a metastable intermediate that results from solvent removal on coor-
dinatively unsaturated metal sites. This disordered–crystalline switch between two topological distinct metal–organic frame-
works is shown to be reversible over four cycles through activation and reimmersion in polar solvents.
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external stimuli, such as a reversible lattice rearrangement, similar 
to the reversible protein folding and unfolding process.

Herein we present a case system that can achieve an unusual  
rearrangement of the whole lattice that is accompanied by bond 
connectivity changes under mild processing conditions (for 
example, solvent removal). This transformation from a disordered 
Al-MOF with low porosity to its highly porous isomer with high 
crystallinity is achieved within 40 s following desolvation. A combi-
nation of time-resolved in situ infrared spectroscopy, X-ray photo-
electron spectroscopy (XPS), Rietveld refinement, pair distribution 
function (PDF) analysis and density functional theory calculations 
provides insight into this counter-intuitive lattice modification/
transformation. Specifically, the initial solvent molecule (for exam-
ple, diethylformamide, DEF) in the as-synthesized MOF is replaced 
by exchange with a more weakly coordinating solvent molecule (for 
example, toluene), leading to the formation of a metastable phase 
that engages in a domino transition. During this domino transition 
process, coordinatively unsaturated metal sites are generated fol-
lowing desolvation, triggering the migration of nearby carboxylate 
linkers (the breaking of the original Al–O bonds and the forma-
tion of new bonds with other nearby metal centres). Unexpectedly, 
the porosity of the rearranged MOF considerably increased, as 
evidenced by a change from the Brunauer–Emmett–Teller (BET) 
surface area from 725 to 2,749 m2 g–1 after the cascade lattice rear-
rangement. Furthermore, a reversible solvent-controlled disor-
dered–crystalline transition is achieved over four solvent uptake 
and removal cycles. Our work here shows that through defect engi-
neering, carboxylate shifts in coordination bond-based systems and 
the resulting domino phase transition can be achieved.

Results and discussion
Desolvation-triggered domino lattice rearrangement. When  
starting from a combination of Al(iii) salts and H2TzDB (TzDB =  
4,4'-(1,2,4,5-tetrazine-3,6-diyl)dibenzoate) in a one-pot synthetic 
approach, a microporous Al-MOF ([Al(OH)x(solvent)y(TzDB)z], 
AlTz-53) with interconnected square-lattice (sql) nets22 is usually 
obtained. Ideal AlTz-53 contains infinite linear zigzagging chains of 
[Al(X)(COO)2]n (where X = OH or solvent) containing AlO4(OH)2 
octahedra, in which four oxygen atoms from four carboxyl groups 
and two bridging oxygen atoms are coordinated to Al3+ (Fig. 1). In 
most cases, the bridging oxygen atom is from a µ2-OH unit; how-
ever, there are a few examples of strongly coordinating solvents 
such as H2O, dimethylformamide (DMF) and DEF functioning as 
the bridging unit23. The one-dimensional lozenge-shaped channels 
can be further constructed by linking the parallel aluminium-based 
chains and the TzDB linkers (Fig. 2a).

An interesting phenomenon was observed during the activation 
process: when AlTz-53 that was prepared in DEF (AlTz-53-DEF) 
was washed three times with toluene followed by a thermal desol-
vation process under vacuum, AlTz-53-DEF was transformed to 
another hierarchically porous isomer (AlTz-68) with interconnected 
kagome (kgm) nets22 (Fig. 2a). The ideal, defect-free chemical for-
mula of both AlTz-53 and AlTz-68 is [Al(OH)(TzDB)]; yielding iso-
reticular structures of MIL-53(Al) (ref. 24) and MIL-68(Al) (ref. 25) 
respectively. The AlTz-68 framework contains very large hexagonal 
one-dimensional channels with a diameter of 3.6 nm along the c axis. 
The powder X-ray diffraction (PXRD) patterns of AlTz-53 when it 
is undergoing its structural rearrangement clearly show a decrease 
in the original AlTz-53 diffraction peak intensities while simulta-
neously showing the emergence of new peaks that correspond to 
AlTz-68 (Fig. 2b). The porosity of AlTz-53 and its lattice-rearranged 
isomer AlTz-68 were estimated by N2 isotherms at 77 K (Fig. 3g,h). 
The BET surface area of the material was found to increase sub-
stantially after lattice rearrangement: from 725 m2 g–1 for AlTz-53 to 
2749 m2 g–1 for AlTz-68. The broad PXRD peaks and broad pore size 
distribution from 1 nm to 3 nm of original AlTz-53-DEF suggest 

that there are some ‘structural defects’, lattice distortions or a large 
number of defects inside AlTz-53 (Fig.  3a,k)26–29. After the lattice 
rearrangement, the resulting AlTz-68 shows sharper PXRD peaks, 
which is indictive of enhanced crystallinity (Fig. 3b).

AlTz-68 can maintain its robust and rigid structure after resolva-
tion and desolvation of small polar molecules (methanol and etha-
nol) as well as non-polar solvents (hexane and toluene); however, 
the conversion of AlTz-68 back to defective AlTz-53 could only be 
achieved when AlTz-68 was immersed in polar solvents such as 
DMF, H2O and dimethylsulfoxide (DMSO). The transformation of 
AlTz-68 to defective AlTz-53 was achieved by placing the samples 
in these solvents at 75 °C for 3 h (Fig. 2b). The transformation would 
also occur if the sample was left in these solvents at room tempera-
ture; however, the rate of conversion was much slower in this case, 
with the transformation to defective AlTz-53 reaching comple-
tion in DMF after a one month period (Supplementary Fig. 10 and 
Fig.  13). The cyclability of this unusual reversible-rearrangement 
phenomenon was investigated. The as-synthesized AlTz-53-DEF 
was washed with toluene three times and then immersed in 3 ml 
of toluene at room temperature. The sample was dried overnight 
under vacuum at 125 °C and labelled as AlTz-68 before being placed 
in DMF that was preheated to 75 °C for 3 h, followed by centrifuging 
and filtering. The resulting powder was dried in an oven at 90 °C 
overnight and labelled as AlTz-53-II before being washed with tolu-
ene three times and immersed in 3 ml of toluene at room tempera-
ture. The sample was dried under vacuum at 125 °C and labelled as 
AlTz-68-II. As observed by PXRD, the materials could undergo a 
two desolvation–solvation cycles without apparent loss of crystal-
linity (Fig. 3c–f, Supplementary Fig. 12). Compared with AlTz-68, 
AlTz-68-II showed a slightly lower N2 uptake and exhibited new 
pores in the pore size distribution, which possibly resulted from 
the gradual loss of the metastable defective state during the cycled 
transformation (Fig. 3k–n).

Mechanistic study of desolvation-triggered domino lattice rear-
rangement. To understand the driving force for this unusual lattice 
rearrangement, we first used infrared spectroscopy, NMR spectros-
copy and XPS to characterize the difference in the local bonding  

TzDB linker
[Al(X)(COO)2]n chain {AlO6}

a b

X = µ2-OH

X = DEF solvent

c

x

y

x

z

N

N N

N

O O

OO

Fig. 1 | The structural illustration of the building blocks in alTz-53 and 
alTz-68. a, The structure of an infinite linear zigzagging [Al(X)(COO)2]n 
chain containing AlO4(OH)2 octahedra, in which four oxygen atoms from 
four carboxyl groups and two bridging oxygen atoms are coordinated to 
Al3+. b, The bridging oxygen atoms can be from µ2-OH units or strongly 
coordinating solvents such as H2O, DMF and DEF. c, The structure of the 
two-connected TzDB linker used in this work. Green, aluminium; red, 
oxygen; grey, carbon; white, hydrogen; blue, nitrogen.
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state between AlTz-53-DMF and AlTz-53-DEF. Selecting the 
bulkier DEF as the reaction solvent promotes the formation of the 
AlTz-53 structure with a large number of defects, whereas choosing  
the smaller DMF results in the formation of a nearly defect-free 
AlTz-53 structure. The infrared spectra in Fig. 4a show the spec-
tral differences between three samples in two different frequency 
regions. Above 3,500 cm–1, a sharp band at 3,697 cm−1 is observed 
in AlTz-53-DMF that is assigned to the stretching mode of the 
bridging µ2-OH group in the corner-sharing chains of octahedral 
aluminium30; the corresponding bending mode appears at 976 cm−1. 
In addition to the ν(µ2-OH) and β(µ2-OH) modes, there is an addi-
tional peak in AlTz-53-DMF at 857 cm−1 that is assigned to the 
ν(Al–O) vibration of Al–OH–Al. By contrast to AlTz-53-DMF, the 
bands associated with Al–OH–Al are much weaker in AlTz-53-
DEF, indicating that there are missing OH groups in the metal oxide 
chain. Between ~1,800 cm−1 and ~1,600 cm−1, AlTz-53-DEF shows 
a strong mode at 1,673 cm−1, which is a ν(C=O) signature from 
the guest DEF molecules that are trapped in the MOFs. Following 
evacuation under 160 °C for 12 h, the mode’s intensity decreases 
by over ~80% due to the desolvation of weakly physisorbed DEF. 
The remaining DEF is quite stable and requires high temperatures 
(>380 °C) to be removed (Supplementary Fig. 26), indicating that 
it is more strongly bonded to the frameworks. After removing phy-
sisorbed DEF in AlTz-53-DEF, the structure remains in the defec-
tive state with no structural transformation (Fig. 3c). The ν(C=O) 
band intensity of DMF is much lower than in AlTz-53-DMF, as 
AlTz-53-DMF has the more Al–OH-based modes. XPS measure-
ments of the oxygen 1s core level (Fig. 4c) also confirm that bridging 
OH groups are dominant in AlTz-53-DMF but partially missing in 
the structure of AlTz-53-DEF. The coordinating DEF in AlTz-53-
DEF was first verified by the 27Al NMR chemical shift of –0.5 ppm 
that corresponds to a higher field shift of the corner-sharing alu-
minium signals and a more homogeneous charge distribution in 
the local structure of the framework compared with that of alu-
minium coordinated to bridging OH (δ27Al = ~1.8 ppm in MIL-53,  

AlTz-53-DMF and AlTz-68)31. This is also confirmed by the solid-
state 13C and 1H magic-angle spinning NMR spectra of AlTz-53-
DMF, AlTz-53-DEF and AlTz-68, which show the presence of the 
bridging DEF in the AlTz-53-DEF framework but not in AlTz-53-
DMF and AlTz-68 (Supplementary Figs.  19–21). These spectro-
scopic observations imply that DEF is involved in the aluminium 
coordination during the solvothermal reaction, partially replacing 
the OH groups of the original structure. This coordination mode 
is commonly seen in MOFs and has also been observed in the iso-
structural MIL-53, as determined by single-crystal X-ray diffrac-
tion21. The redox-active tetrazine-based linker can easily capture 
electrons to help balance charges of the overall framework, result-
ing in a ligand-dependent electron paramagnetic resonance signal 
(Supplementary Fig. 38)32.

Guest DEF insertion into the metal node structure is therefore 
critical for the structural transformation between AlTz-53-DEF and 
AlTz-68. The amount of bridging DEF can be tuned by adjusting 
the metal-to-ligand percentages (M/L, mol/mol) during synthe-
sis. By using a high M/L ratio, more DEF solvent molecules are 
incorporated into the structure (as indicated by the high intensity 
of the ν(C=O) band at 1,673 cm–1), allowing the synthesized AlTz-
53-DEF to be transformed into AlTz-68; however, if the M/L ratio 
is decreased to 0.67, fewer DEF molecules are observed in AlTz-
53-DEF and the structural transformation to AlTz-68 cannot occur  
following desolvation (Supplementary Fig. 8 and Fig. 27).

We further examined the chemical changes that occurred after 
immersing AlTz-53-DEF into toluene and other weakly coordinat-
ing solvents. Although the PXRD patterns in Fig. 2b do not show 
substantial changes, the infrared spectra of the soaked sample 
in Fig.  4b shows that a large amount of solvent toluene has been 
adsorbed inside the frameworks, as evidenced by their signature 
modes: ν(CH)PhenylRing at 3,025 cm–1, ν(C=C)PhenylRing at 1,493 cm–1, 
and β(CH)PhenylRing at 732 cm–1 and 696 cm–1 (ref. 33). At the same 
time there is clear weakening of the ν(C=O) mode of DEF at 
1673 cm–1, suggesting that coordinatively bound DEF has been par-
tially exchanged by these new solvents after immersion (Fig.  4b, 
Supplementary Fig. 28). Following vacuum activation at room tem-
perature for ~3 min, the differential spectra show that adsorbed tol-
uene begins to desorb from the framework. The loss of solvent can 
also be accelerated by mild annealing. As these weakly coordinating 
solvents (which are easily removed via vacuum) are removed, the 
PXRD patterns and in  situ infrared results of previously solvent-
soaked AlTz-53-DEF clearly show that—in addition to their role 
in replacing DEF—the removal of these solvents is essential for the 
transformation of AlTz-53-DEF to AlTz-68.

To uncover the mechanism of the desolvation-triggered struc-
tural transformation, we first addressed the removal of DEF from 
the aluminium-chain skeleton by solvent exchange, a commonly 
used method for activating MOF samples5,34. The as-synthesized 
AlTz-53-DEF was washed with toluene three times and then 
immersed in 3 ml of toluene at room temperature. The removal of 
DEF was confirmed by the XPS spectra of the transformed AlTz-68, 
showing that the ratio of the oxygen 1s peak from C=O decreases 
and the peak from Al–OH–Al increases (Fig. 4c). The insertion of 
toluene molecules into the aluminium chain is therefore considered 
the first step in initiating the structural transformation as toluene 
has a weaker interaction with Al3+ than DEF. Following evacuation 
in vacuum at or above room temperature, the trapped toluene sol-
vents leave the aluminium coordination environment (Fig.  5c,d), 
resulting in a coordinatively unsaturated Al3+ in the chain. As the 
Al(COO) chain is not fully coordinated, it can more easily rotate to 
facilitate the dissociation and recoordination of the Al–O and the 
carboxylate group. The changes associated with the Al(COO) chain 
following Al–O bond dissociation and reformation are reflected by 
the derivative features in the positions of νas(COO), νs(COO) and 
βas(COO) modes as well as the phenyl ring stretching and bending 
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bands of the Tz linker (Supplementary Fig. 29). Furthermore, the 
growth of β(µ2-OH) and ν(Al–OH) bands is observed (Fig. 4b), indi-
cating the formation of the bridging Al–OH–Al groups in the cor-
ner-sharing octahedral chains. Given the local bonding information 
derived from spectroscopic results, and the pore size distributions 

analysis from N2 adsorption, we propose the defective structure of 
AlTz-53-DEF and the lattice rearrangement shown in Fig. 5b,c. In 
the defective structure, the missing OH bridge and linker are ter-
minated by DEF molecules (Supplementary Figs.  38,  43 and 44).  
After refluxing the sample in weakly coordinating solvents, the DEF 
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molecules are exchanged by these solvents. Following evacuation, 
these labile solvents are more easily removed from the sample due 
to their weaker interactions, while simultaneously inducing the 
structural rearrangement. This cannot occur in AlTz-53-DMF as all 
of the Al3+ ions are fully bonded with ionic OH and COO− groups 
as shown in Fig. 5a. The Al–OH ionic bonds in AlTz-53-DMF are 
much stronger than the ion–dipole interactions seen with the alu-
minium solvent coordination in AlTz-53-DEF and thus could not 
be replaced in a solvent exchange process. AlTz-53-DEF is thus a 
metastable phase that is prone to undergoing the transformation to 
AlTz-68 following the introduction of external stimuli. To further 
investigate the local structures, PDF analyses based on total X-ray 
scattering were performed on AlTz-53-DEF, AlTz-53-DMF and 
AlTz-68 (see Supplementary Figs. 40–42 for details).

This mechanism of lattice rearrangement was investigated 
through density functional theory calculations (Fig. 6). As indicated 
by Fig. 5d, AlTz-53 containing a high density of bridging μ2-OH pre-
pared from DMF solvents is too stable to undergo a rearrangement 
into AlTz-68. By contrast, the transformation from AlTz-53-DEF 
(with in situ-substituted DEF on the aluminium chains) to AlTz-68  
is an energetically favourable process. Calculations have shown that 
a metastable phase (V) with unsaturated coordination sites was 
generated after a solvent exchange and desorption process (from II 
to V), leading to a subsequent migration of neighbouring linkers 
(from V to VII) and the formation of a more stable AlTz-68 phase 
with a kgm net. It should be noted that the correlated defect nanore-
gions have also been observed in rigid Hf-UiO-66, which shows 
that the defects formed insides materials are not always randomly 
distributed35. Our work here demonstrates that these correlated 
nanoscale disorder in a flexible AlTz-53-DEF offer new possibilities 
for a domino structural rearrangement following solvent exchange 
and desolvation processes.

Parameter control of the lattice rearrangement. Although signs 
of domino rearrangement at macroscopic magnitudes have been 
observed (for example, macroscopic superlattice arrangements of 
nanocrystals following desolvation36,37 or macroscopic assembly 
kinetics in nanocomposite thin films following solvent annealing38),  

this colossal backbone turnover that is based on chemical bond 
regeneration under mild conditions has never been reported in 
solid-state chemistry. The defects, porosity and flexibility of AlTz-53  
also provide enough internal space and freedom to allow for car-
boxylate linker migration. In this case, the relatively labile Al–O 
coordination bonds fulfill the dynamic prerequisite required for 
error correction in a local environment.

Furthermore, host–guest interactions are critical for induc-
ing the lattice rearrangement from AlTz-68 to AlTz-53. Similar 
systems utilizing host–guest-induced transformations have also  
been observed6,39,40. High-boiling-point and highly polar solvents 
such as DMF, DMSO and H2O are expected to interact more 
strongly with the framework, eventually leading to the lattice trans-
formation back to AlTz-53. On the other hand, low-boiling-point 
solvents such as toluene, ethyl ether and acetone are expected to be 
more weakly interacting guest solvents, and as such are not ther-
modynamically capable of displacing the linkers, preventing frame-
work rearrangement.

Desolvation is vital for the disordered–crystalline switching 
from AlTz-53 to AlTz-68. Several factors—including the solvent 
properties, desolvation time, desolvation temperature and vacuum 
pressure—were explored. In parallel with our observations of lat-
tice transformation from AlTz-53 to AlTz-68 after toluene desol-
vation, other solvents with different polarities, boiling points and 
surface tensions were also investigated. It was generally observed 
that weakly coordinating solvents could trigger the total rear-
rangement in a faster manner than strongly coordinating solvents 
(Supplementary Fig. 6). For instance, soaking AlTz-53 into ethyl 
ether and treating it with vacuum and heat at 45 °C caused the 
rearrangement to complete within 40 s. By contrast, performing 
the transformation in EtOH required heating the sample to 88 °C 
for 2 min under vacuum to fully remove guest solvents and finish 
the transformation.

We also examined the effect of temperature on the degree of lat-
tice rearrangement from AlTz-53 to AlTz-68. As indicated by PXRD 
(Fig. 2b), increasing the temperature gradually led to an increased 
intensity of AlTz-68 and a decreased intensity of AlTz-53, even-
tually delivering highly crystalline AlTz-68 as the final product.  
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This transition could start at relative low temperatures, but higher 
crystallinity was only achieved at higher temperatures. As indicated 
by N2 sorption isotherms and corresponding pore size distributions 
(Supplementary Fig.  18), higher temperatures during desolvation 
helped produce a more porous structure. Note that even in such a 
short time period, the crystal corrects a large number of errors in 
self-assembly, although there still is some degree of defects existing  

in the structure, as indicated from the pore size distributions. To 
further reduce the defects in the transformed AlTz-68, a slower 
rearrangement, using a longer time period was needed. Defective 
AlTz-53-DEF was treated in ethyl ether and heated to 10 °C above 
the solvent boiling point at ambient pressure, resulting in structures 
with a lower level of defects. We further showed that this result-
ing hierarchically porous AlTz-68 could function as an efficient 
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platform for enzyme immobilization and related ester hydrolysis 
(Supplementary Figs. 45–47).

Conclusion
The results here expand our understanding of carboxylate shifts 
in coordination bond-based systems, indicating that the direction 
of self-assembly can be well manipulated by triggered carboxylate 
migration (Fig. 5). We have shown that desolvation can overcome the 
traditional challenges that come from having perfect structures that 
are not a natural energy minimum during one-pot syntheses, thereby 
providing an alternative method towards producing perfect struc-
tures and achieving phase transitions that typically need extreme 
conditions. The desolvation-triggered domino rearrangement of 
AlTz-53-DEF also points to different routes for the design and prepa-
ration of novel copolymers, high-crystalline covalent organic frame-
works, and metal alloys from volatile precursors, wherein monomers, 
functional groups or other components could potentially enable such 
desolvation-triggered domino rearrangements.

methods
Reversible rearrangement between AlTz-53 and AlTz-68. AlCl3 (0.0313 g, 
0.237 mmol), H2TzDB (0.0576 g, 0.180 mmol) and DEF (5.0 ml) were charged into 
a Pyrex vial. The mixture was refluxed in a 120 °C oil bath and stirred continuously 
for 2 d. After cooling to room temperature, the pink powder of AlTz-53 was 
centrifuged, filtered off and washed with hot DMF three times to remove any 
unreacted ligand. The resulting powder was dried at 90 °C in an oven overnight 
and subsequently labelled as AlTz-53-DEF. The as-synthesized AlTz-53-DEF was 
washed with toluene three times and then immersed in 3 ml of toluene at room 
temperature. The sample was dried overnight under vacuum at 125 °C and labelled 
as AlTz-68, and then subsequently placed in DMF that was preheated to 75 °C for 
3 h followed by centrifuging and filtering. The resulting powder was dried in an 
oven at 90 °C overnight and labelled as AlTz-53-II, and then subsequently washed 
with toluene three times and immersed in 3 ml of toluene at room temperature. 
The sample was dried under vacuum at 125 °C and labelled as AlTz-68-II.

In situ infrared spectroscopy. In situ infrared measurements on annealing 
were performed on a Nicolet 6700 FTIR spectrometer (purchased from Thermo 
Scientific) that is equipped with a liquid-nitrogen-cooled mercury cadmium 
telluride A detector. The MOFs (powder, ~5 mg) were gently pressed onto a KBr 
pellet (~1 cm diameter, 1–2 mm thick) and placed inside of the pressure cell that is 
installed in the sample compartment of the infrared spectrometer, with the sample 
at the focal point of the beam and connected to the nitrogen purge.

X-ray photoelectron spectroscopy. XPS measurements were performed with a 
Perkin Elmer PHI system. The sample was placed into the XPS chamber with a 
base pressure of <1.0 × 10−9 Torr. An Al Kα (1,486.6 eV) X-ray source with a beam 

size of 200×200 μm2 was used to excite photoelectrons. The spectra were recorded 
by using a 16-channel detector with a hemispherical analyser.

Data availability
All relevant data that support the findings of this study are available from the 
corresponding authors on request. The synthetic procedures, crystallographic, 
spectroscopic, computational and enzyme catalysis data are provided in the 
Supplementary Information. The unit-cell parameters and atomic positions were 
obtained by Rietveld refinement of the PXRD data, using the AlTz-53-DMF, AlTz-
53-DEF and AlTz-68 crystal structural models reported in the Article. The X-ray 
crystallographic data for structures reported in this Article have been deposited 
at the Cambridge Crystallographic Data Centre (CCDC) under deposition nos. 
1892351 (AlTz-53-DEF), 1892352 (AlTz-53-DMF) and 1892353 (AlTz-68). The 
data can be obtained free of charge from the CCDC via www.ccdc.cam.ac.uk/
data_request/cif.
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superhydrophobicity, high surface areas, large and uniform pore sizes, and

excellent stability. This synthetic procedure was completed via an encapsulation-

rearrangement strategy. Benefiting from the superhydrophobicity, this MOF could

be stable in humid environments and maintained its mesoporosity and surface

areas for at least 6 months. The MOF-modified sponge has great potential in

applications such as oil/water separation, water remediation, and heterogeneous

catalysis.
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into Mesoporous Metal-Organic Frameworks
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SUMMARY

Designing materials that combine surface superhydrophobicity, high surface

areas, large and uniform pore sizes, and excellent stability is a very challenging

area for synthetic chemists. Here, we demonstrate a bioinspired encapsulation-

rearrangement strategy to construct superhydrophobic mesoporous metal-

organic framework (MOF) systems by selectively modifying the external surface

of an internal lattice-rearranged mesoporous MOF. The surface of a defective

MOF with limited porosity named AlTz-53 is initially modified by hydrophobic

alkyl chains through click reactions. Subsequently, the internal framework un-

dergoes lattice rearrangement upon solvent desorption, leading to a signifi-

cantly improved internal porosity and material crystallinity. Functionalizing

the surface of AlTz-68 with octadecene (AlTz-68-C18) induces superhydropho-

bicity with a water contact angle of 173.6�. AlTz-68-C18 also exhibits one of

the largest Brunauer-Emmett-Teller (BET) surface areas among all reported

superhydrophobic framework materials. Furthermore, we illustrate that both

superhydrophobic AlTz-68-C18 and the corresponding modified sponge exhibit

excellent performance toward oil/water separation.

INTRODUCTION

Engineering surface properties of solid materials has prompted numerous advances

in a wide range of applications.1–7 Superhydrophobic materials, especially those

with high surface areas, are particularly useful for oil/water separation, organic-

pollutant enrichment, water-sensitive homogeneous catalyst protection, and so

forth.8–11 However, it is still very challenging to design porous materials combining

superhydrophobicity, high surface area, large and uniform pore sizes, and excellent

stability due to the fact that introduction of superhydrophobic functional groups into

porous materials usually is accompanied with the sacrifice of internal porosity.

Metal-organic frameworks (MOFs), as an inorganic and organic hybrid material, epit-

omize ideal, highly tunable platforms by judicious design of metal nodes, organic

linkers, and surface functionalities.12–16 A direct approach to incorporating hydro-

phobicity into an MOF is to utilize a set of organic linkers with alkyl or fluorinated

groups (e.g., F, CF3) during one-pot reaction.17–20 For example, metal azolate

framework (MAF)-6, with exceptional hydrophobicity and high surface area, is built

from 2-ethylimidazolate linkers with alkyl groups.21 In addition, the hydrophobicity

of MOFs can also be tuned by post-synthetic approaches either on linkers or on clus-

ters.22 For instance, Cohen and coworkers incorporated hydrophobic units into a

MOF-5 backbone through post-synthetic modifications of organic linkers.23 Hupp

Progress and Potential

Wetting is a common

phenomenon widely observed in

nature. For example, hydrophobic

gates are observed in ion channels

and nanopores of cell membranes

to control ion transportation.

Inspired by nature, materials

scientists have developed various

superhydrophobic materials with

special functions for widespread

applications. However, existing

coating methods for fabricating

superhydrophobic surfaces are

mainly limited to nonporous or

microporous materials. It is still a

big challenge to design porous

materials combining

superhydrophobicity, high surface

area, and large pore sizes. Here,

we successfully integrated

superhydrophobicity into a

mesoporous metal-organic

framework system without losing

internal porosity. The

encapsulation-rearrangement

strategy reported in the work

greatly expands the possibilities

of constructing superhydrophobic

materials with high porosity for

numerous applications associated

with energy and environment.
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and coworkers installed perfluoroalkane carboxylates of various chain lengths

(C1–C9) into defective Zr6 clusters of NU-1000 (NU = Northwestern University)

through solvent-assisted ligand incorporation (SALI).24 Among them, only few

fluoroalkyl and alkyl chain modified MOFs were reported with superhydrophobic

properties, defined as displaying a contact angle exceeding 150� for a water droplet
(Table S2). Although these approaches provide facile synthetic routes for preparing

superhydrophobic MOFs, they typically introduce superhydrophobicity at the

expense of the material’s porosity. To avoid pore blockage, Jiang, Yu and coworkers

developed a facile vapor-deposition method to modify hydrophobic polydimethyl-

siloxane on the surface of MOFs.25,26 This surface-coating strategy was further

explored by Ma and coworkers, whereby a general method to chemically coat the

exterior of microporous MOF crystals including MOF-5 and ZIF-8 (ZIF = zeolitic imi-

dazolate framework) with a bulky fluorinated compound was reported (Scheme

S1).27 However, these coating methods exhibit limitations in the application scope

since they might only work efficiently in microporous materials. The hydrophobic

molecule units usually have relatively bulky sizes, which limit their diffusion into

the internal narrow pores of microporous MOFs during the post-synthetic modifica-

tion. When it comes to mesoporous MOFs with much larger pores or channels, both

surface and internal pores will be modified due to the diffusion of hydrophobic units.

This direct modification of mesoporous MOFs would lead to unselective modifica-

tion with both surface and internal pore modified, which greatly decreases the

porosity (Scheme S1). The question of how to modify the surface properties of mes-

oporous materials while avoiding blockage of the internal pore environment remains

a big challenge for synthetic chemists.

It has been observed in nature that evolution from a silkworm to a moth involves a

process of spin and metamorphosis within the cocoon (Scheme 1A). This biological

phenomenon inspires us to propose an encapsulation-rearrangement strategy to

integrate superhydrophobicity into mesoporous MOFs (Scheme 1B). Recently our

groups reported an ultrafast lattice rearrangement upon solvent desorption in Al-

MOFs.28 This unique rearrangement allows for an internal self-perfection, leading

to a remarkable increase in surface area from 725 to 2,749 m2 g�1. Following the

encapsulation-rearrangement strategy, we designed a selective external covalent

modification based on the internal lattice rearrangement of aluminum-based

Scheme 1. Illustration of the Bioinspired Encapsulation-Rearrangement Strategy to Integrate

Superhydrophobicity into Mesoporous MOFs

(A) The evolution from a silkworm to a moth involves spin and metamorphosis within the cocoon.

(B) Inspired by the evolution process, the surface of a microporous MOF can be coated with a

hydrophobic compound while the intrinsic framework undergoes lattice rearrangement and is

transformed into a mesoporous MOF upon desorption.
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mesoporous MOFs. Defective AlTz-53, with imperfect crystallinity, is initially con-

structed from [Al(DEF) (COO)2]n chains and tetrazine-based TzDB linkers (TzDB =

4,40-(1,2,4,5-tetrazine-3,6-diyl)dibenzoate); AlTz-53 with limited porosity is subse-

quently ‘‘clicked’’ by reacting the tetrazine linker with alkenyl compounds. Due to

diffusion limitations caused by the low porosity of the framework and relatively large

size of the alkyl chain, the hydrophobic units tend to be functionalized on the surface

of the framework. Taking advantage of the lattice rearrangement upon solvent

desorption, the internal porosity and material crystallinity of alkyl chain functional-

ized AlTz-68 are greatly improved after transformation. The resulting 1-octadecene

functionalized AlTz-68 (AlTz-68-C18) displays superhydrophobicity with a water con-

tact angle of 173.6�, exhibiting one of the highest water contact angles among MOF

materials. AlTz-68-C18 maintains high porosity and a large pore size, presenting the

largest BET (Brunauer-Emmett-Teller) surface areas and porosity among all superhy-

drophobic framework materials. AlTz-68-C18 also shows enhanced stability toward

humidity and preserves the high porosity at least for 6 months in a high-humidity

environment. Overall, this material represents a rare example of combining superhy-

drophobicity, large surface area, large and uniform pore size, and excellent stability.

The superhydrophobicity and high porosity of the material offers new opportunities

for a wide range of industrial applications including separation, oil enrichment, and

catalysis.

RESULTS

Encapsulation and Rearrangement

Defective AlTz-53 with imperfect crystallinity, constructed from [Al(DEF) (COO)2]n chain

and tetrazine-based TzDB linker, is initially synthesized under solvothermal reaction con-

ditions in DEF (N,N-diethylformamide). Our previous studies showed that there exists a

large number of defects and disorder inside the AlTz-53 framework.28 The total N2 up-

take (77 K) and BET surface area of AlTz-53 is 245 cm3 g�1 and 725 m2 g�1.

To controllably introduce superhydrophobic groups onto the surface of AlTz-53, we

proposed a click reaction between the tetrazine dicarboxylate in AlTz-53 and al-

kenyl-based hydrophobic compounds. Bulky alkenyl molecules, for example 1-octa-

decene (C18), diffuse into the internal narrow pore of microporous MOFs very

slowly, leading to surface modification of the MOF. Inverse-electron demand

Diels-Alder (iEDDA) allows for a fast and mild reaction between tetrazine units and

alkenyl-, alkyne-, ketone-, and aldehyde-based compounds through click chemis-

try.29,30 This reaction is also widely applied in the functionalization of chemical

molecules, material surfaces, and bioconjugate chemistry.31–35 An iEDDA reaction

between tetrazine and C18 promotes the formation of an Al-MOF with dihydropyr-

idazine units on the backbone (Scheme 2). AlTz-53 with low porosity is subsequently

‘‘clicked’’ by reacting tetrazine linker with alkenyl compounds. After solvent desorp-

tion, transformation from AlTz-53-C18 to AlTz-68-C18 was achieved. The resulting

AlTz-68-C18-1h displays good crystallinity as indicated by powder X-ray diffraction

(PXRD) patterns (Figures 1C and S1). Moreover, the characteristic infrared band of

CH2 group (at �2,700–2800 cm�1) is absent for AlTz-68 whereas it is very apparent

for AlTz-68-C18 (Figure S3), which is consistent with the suggested structures.

The click reaction between AlTz-53 and alkenyl molecules with a variety of carbon

numbers (6, 8, 10, 12, 18, and 22) was investigated (Figures S10–S12). In this iEDDA

click reaction, diffusion of alkenyl molecules is the rate-determining step of the reac-

tion. From the perspectives of the channel window size and alkenyl molecule sizes,

the shorter the carbon chain is, the faster it diffuses inside MOF channels. The short
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alkenyl molecules, for example C6, could easily diffuse and then click inside MOF

channels, whereas the longer alkenyl molecules, for example C18, preferred to click

on the surface due to the bulky size compared with the channel size. This difference

could be noticed by comparing the color of the clicked MOF powders and clicked

percentage as indicated from X-ray photoelectron spectroscopy (XPS) results

(Figure S12).

Superhydrophobicity Property

The surface wettability of AlTz-68 before and after surface functionalization was

characterized by water contact-angle measurements. Strikingly, we observe that

the contact angle of water on AlTz-68-C18-1h is as high as 173.6� while unfunction-

alized AlTz-68 shows a superhydrophilic surface property (Figure 1D and Video

S1). This superhydrophobic feature found in AlTz-68-C18 is extraordinary, and it

has one of the highest water contact angles among all hydrophobic MOF-based

materials (Figures S14–S20). The wettability of AlTz-68 and AlTz-68-C18 were

further accessed by thermogravimetric analysis (Figure S21). After staying in air

for 1 week, AlTz-68 exhibited a much higher weight loss than AlTz-68-C18 under

the same conditions before �200�C due to the removal of the water molecules

in the pores. This indicates that AlTz-68 adsorbed more water molecules from

air while AlTz-68-C18 barely adsorbed water molecules due to the superhydropho-

bic feature. These results confirm that the external functionalization with long

alkenyl groups enhanced the hydrophobicity of the material. The time-dependent

contact-angle measurements (Video S1) of AlTz-68-C18 confirmed the unchanging

superhydrophobicity feature. The supporting Video S2 also shows that a water

drop surrounded by superhydrophobic AlTz-68-C18 could be picked up by twee-

zers (Figure S20).

Porosity and Stability

The N2 sorption isotherms of AlTz-68 with and without surface functionalization were

measured at 77 K, both exhibiting the classic type IV adsorption behavior, a charac-

teristic of materials containing mesopores (Figures 1A and 1B). Calculated from the

N2 adsorption data, AlTz-68 and AlTz-68-C18-1h have similar BET surface areas

(2,749 and 2,500 m2 g�1, respectively) and pore volumes (1.69 and 1.53 cm3 g�1,

respectively), suggesting that the click process primarily occurred on the external

surface of the particle with negligible blockage of the pores when compared with

the pristine material. This allows for the pores of AlTz-68-C18 to still be fully

Scheme 2. Synthetic Routes to Introduce Superhydrophobicity into AlTz-68

(i) DEF, 120�C, 2 days; (ii) C18, diethyl ether, 30�C, 1 h; (iii) 70�C, 1 h. AlTz-68-C18 was prepared

through selective external modification of AlTz-68 (i-ii-iii); AlTz-68-C18* (click modification after

lattice rearrangement) was prepared through unselective modification of AlTz-68 (i-iii-ii).
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accessible for guest-molecule adsorption. There is no observed mesopore (3.1 nm)

volume decrease after the surface functionalization, which indicates that the internal

environment is preserved (Figure 1B). We also observed a slight decrease in N2 up-

take of AlTz-68 after modification, which is possibly due to the introduction of

nonporous C18 molecules on the MOF surface. The results of the contact-angle ex-

periments coupled with the permanent porosity, as revealed from the N2 sorption

measurements, thereby identify AlTz-68-C18-1h as a superhydrophobic mesopo-

rous material (Figure S32 and Table S2). Among all hydrophobic MOF materials,

AlTz-68-C18-1h presents the largest BET surface area and also exhibits one of the

highest contact angles toward water.

Our strategy utilized a unique rearrangement that generates mesopores inside

Al-MOFs paired with selective surface modification that can maintain the internal

porosity and pore environment of the parent MOF. In contrast, Hupp and co-

workers installed perfluoroalkane carboxylates (C1–C9) into coordination-unsatu-

rated Zr6 clusters of NU-1000 through SALI.24 NU-1000 and AlTz-68 both have

similar pore channels; however, the porosity decreases significantly for NU-1000

after the modification of Zr clusters due to the fact that the bulky perfluoroalkane

carboxylates take place in pore space. For example, NU-1000 displayed a

Figure 1. Selective External Modification of an Internal Lattice Rearranged Mesoporous MOF

(A and B) N2 sorption isotherms (A) and pore-size distributions (B) of AlTz-68, AlTz-68-C18 (surface),

and AlTz-68-C18* (both surface and internal).

(C) PXRD patterns of simulated AlTz-68, activated AlTz-68, AlTz-68-C18, and AlTz-68-C18*.

(D) Contact angles of water on the pressed pellet of AlTz-68, AlTz-68-C18, and AlTz-68-C18* samples.

(E) Photographs showing the superhydrophobic property of AlTz-68-C18.

(F) Photographs showing the surface property of a plate with and without the modification of AITz-

68-C18.
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40.8% decrease in BET surface area. We also observed a similar phenomenon in

AlTz-68 (Figure 1A and Table S1). If the covalent modification of C18 is conducted

after the formation of AlTz-68, C18 could more easily diffuse into the internal pore

space of the AlTz-68 framework. This modification results in the loss of surface area

due to the C18 chain occupancy in the mesopores. It is clear that if we obtain the

mesoporous structure first and then modify the pore environment, both the

external and internal pore will be occupied, whereby the smaller pore will be fully

occupied and the larger pore will be partially occupied (Figure 1B). The efficiency

of the modification was also slightly lower since some of the C18 molecules were

able to settle in the mesopores. This resulted in a much lower water contact angle

of 131� (Figure 1D). However, if the transformation is completed after the external

modification, the internal porosity is preserved.

To quantify the degree of post-synthetic modification, the AlTz-68-C18-Time sam-

ples, where Time (0 h, 0.5 h, 1 h, 3 h, and 6 h) represents the reaction time between

Figure 2. Investigation of Click Kinetics and the Corresponding Porosity and

Superhydrophobicity of Modified MOFs

(A–C) Water contact angles (A), photographs (B), and BET surface areas (C) of AlTz-68-C18-Time

(Time = 0 h, 0.5 h, 1 h, 3 h, and 6 h) and AlTz-53-C18-12h.

(D–F) X-ray photoelectron spectroscopy of AlTz-68-C18-Time showing ratio of the TzDB linker

(blue) and the ‘‘clicked’’ product (green). Time = 0 h (D), 1 h (E), and 12 h (F).
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AlTz-53 and C18, were analyzed by XPS (Figures 2 and S7–S9). The results showed

that the percentage of clicked linker to pristine TzDB linker increased as reaction

time was prolonged. This could also be visualized by the color change from pink

to light-yellow after click reactions (Figures 2B and S2). It appeared that the surface

functionalization was completed within 1 h due to the fact that AlTz-68-C18-1h dis-

played a 173� water contact angle (Figure S16). Considering the alkenyl molecule

size of C18 (2.4 nm) and the channel window size (1.8 nm), the diffusion kinetics of

C18 into micropores of AlTz-53 should be slower than the click reaction kinetics,

leading to the selective surface coating of AlTz-53. The concentrated C18 chains

on the nanosizedMOF surfaces led to superhydrophobicity, as indicated by the con-

tact-angle measurements. As the C18 loading increased, the porosity decreased as

a result of pore blockage. The tradeoff between porosity and hydrophobicity can be

optimized by controlling the click reaction period. AlTz-68-C18-1h exhibited high

BET surface areas and superhydrophobicity among AlTz-68-C18-Time. Parts of

C18 chains settled in the mesopores of AITz-68-C18*, which do not contribute to

the surface hydrophobicity. Compared with AlTz-68-C18*, the C18 chains of AlTz-

68-C18-1h were more concentrated on the surface, so AlTz-68-C18-1h has

enhanced hydrophobicity. When click reaction was extended to 12 h, the conversion

was completed as indicated by XPS (Figure 2F). The resulting AlTz-53-C18-12h also

showed superhydrophobic features. The corresponding pore-size distributions were

detected, indicating that elongated reaction period led to themodification of C18 in

the internal pore channels, which would block the internal pore space (Figures S4–

S6). In this case, bulky chains in channels limited the freedom of desolvation-trig-

gered linker migration, which resulted in the failure of lattice rearrangement from

AlTz-53 to AlTz-68.

Appropriate stability is one of prerequisites for designing superhydrophobic materials

for practical applications such as oil/water separation, organic-pollutant enrichment,

and water-sensitive homogeneous catalyst protection. To evaluate the effect of super-

hydrophobicity on hydrolytic stability of mesoporous AlTz-68-C18, we compared the

PXRD patterns of AlTz-68 and AlTz-68-C18 after the materials were exposed to 75%

relative humidity under air atmosphere at room temperature (Figure 3). AlTz-68 gradu-

ally lost its crystallinity and porosity with the increase of exposure time to humidity, as

indicated from the weak PXRD intensity and the remarkable reduction of BET surface

area. In contrast, AlTz-68-C18 showed high resistance to moisture. Strikingly, even after

exposure to humid environment after 6 months, AlTz-68-C18 did not show notable de-

creases in crystallinity and porosity supported by PXRDpatterns andN2 sorption studies

at 77K (Figures 3, S22, and S23). These results demonstrated that the superhydrophobic

surface of AlTz-68-C18 could effectively be used to protect the framework by shielding

from H2O molecules. AlTz-68-C18 also showed slightly higher thermal stability than

AlTz-68 (Figure S13).

Oil/Water Separation Performance

The rapid and efficient separation of oil and water is industrially important due to the

necessity of removing oils from industrial wastewaters, polluted oceanic waters, and

other sources.36–38 Oil pollution, mainly as a result of oil-rig disasters, leaks during oil

extraction, and illegal tank-cleaning operations at sea, has become one of the most

striking forms of marine damage seen today.39,40 The superhydrophobicity and high

capacity for guest molecules of AlTz-68-C18makes it an excellent candidate for solv-

ing those problems. The oil/water separation by AlTz-68-C18 was first tested on

ceramic foam filter. A facile filter-separation device was set up by dispersing the

superhydrophobic AlTz-68-C18 powder on the ceramic foam filter (Figure S23).

When the mixtures of chloroform and water dyed with methyl orange were poured
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over the filter, the efficient separation of chloroform and water was achieved within

1 min (Figure S24 and Video S3).

Aiming to solve practical challenges such as oil-spill cleanup, the superhydrophobic

AlTz-68-C18 was further immobilized into a melamine sponge, a cheap porous

material with low density, through covalent modification. Subsequently this AlTz-68-

C18@sponge can be potentially utilized as an efficient absorbent for oil-spill cleanup.

Themelamine spongewas initially modified with C=C double bonds (Scheme S2). Step-

wise click reactions were further conducted to immobilize the MOFs and hydrophobic

unit on the sponge (Schemes S3 and S4). As shown in Figures 4A and 4G, the composite

sponge, AlTz-68-C18@sponge, turned a pink color, with AlTz-68-C18 nanoparticles

dispersed on the sponge surface, as indicated from scanning electron microscopy im-

ages (Figure S25). Hydrophilic behavior of the spongebeforemodificationwas observed

while hydrophobic behaviorwas observed in the spongeaftermodificationwithAlTz-68-

C18 (Figures S26–S28). AlTz-68-C18@sponge displayed excellent absorption capacities

for a broad scope of organic solvents and oils, achieving 7,000–15,000 wt % depending

on the types of organic solvents and oils (Figures S29 and S30). Good recoverability and

recyclability of this composite material was also achieved during the absorption and

desorption of n-heptane ten times (Figure S31), suggesting its promising application

in solving problems such as oil pollution on sea water or industry oil/water separation

processes.

To separate water and hydrophobic solvents, we placed a piece of the AlTz-68-

C18@sponge composite on the bottom of a glass adapter and locked it using a Teflon

Figure 3. Stability Comparison of AlTz-68 and AlTz-68-C18

(A and D) PXRD patterns of AlTz-68 (A) and AlTz-68-C18 (D) exposed to 75% relative humidity under air atmosphere for various durations.

(B and E) N2 sorption isotherms of AlTz-68 (B) and AlTz-68-C18 (E) measured at 77 K.

(C and F) pore-size distributions of AlTz-68 (C) and AlTz-68-C18 (F) under the above conditions.
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connector (Figures 4A, 4B, and 4D). A filtering ability test was conducted by separating

mixtures containing 5 mL of water dyed with methyl blue and 8 mL of chloroform

through AlTz-68-C18@sponge (Figures 4C, 4E, and 4F; Video S4). As indicated, water

dyed with methyl blue could not pass through the composite sponge while chloroform

easily penetrated the sponge device because of the superhydrophobicity of the com-

posite sponge. This facile device shows efficient organic/water separation when the

density of organic solvents or oils is larger than that of water.

Additionally, we showed that AlTz-68-C18@sponge could also remove oil from

sea water rapidly and efficiently (Figures 4H–4L and Video S5). Mimicking prac-

tical problems such as marine oil spills, the blue pump oil was added on the sur-

face of sea water. As indicated by Figures 3H–3L, the blue oil could be rapidly

removed by placing the AlTz-68-C18@sponge on the mixture surface. For

Figure 4. Oil/Water Separation by AlTz-68-C18@Melamine Sponge Composite

(A) Teflon, glass adapter, and AlTz-68-C18@sponge composite.

(B) Top and bottom view of a device assembled from teflon, glass adapter, and AlTz-68-

C18@sponge composite.

(C) The mixture of chloroform and water dyed with methyl blue (density [oil] > density [water]).

(D) A photograph of a simple assembled separation device used for separation of chloroform and

water.

(E) A photograph showing the separation of water from the mixture.

(F) A photograph showing the isolation of water and chloroform from the mixture.

(G) The AlTz-68-C18 modified melamine sponge.

(H–L) Separation of pump oil (blue) and water by AlTz-68-C18@sponge (density [water] > density

[oil]) within a short time period: t = 0 s (H), 1.0 s (I), 2.0 s (L), 3.0 s (K), and 3.5 s (J).
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comparison, although the unfunctionalized sponge displayed similar oil-absorp-

tion capacity, it could not remove oil from water since both water and oil

were absorbed simultaneously. The high selectivity and high efficiency of the

AlTz-68-C18@sponge illustrates the great potential of this material in practical

oil/water separations.

DISCUSSION

In conclusion, we have demonstrated the successful integration of surface superhydro-

phobicity, large surface area, large and uniformpore size, and excellent stability onAlTz-

68-C18. Post-synthetic covalent modification on defective AlTz-53 surface and subse-

quent lattice rearrangement induced by solvent desorption led to the formation of mes-

oporous superhydrophobic materials. The superhydrophobic surface can function as a

shelter to prevent the hydrolytic degradation of mesoporous MOFs. Furthermore, the

resulting AlTz-68-C18 also showed excellent performance toward water/oil separation.

Therefore, our work not only represents a unique strategy to prepare superhydrophobic

materials with high porosity, but also creates a new generation of porous materials that

could be selectively modified for use in numerous applications.

EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in Supplemental Information.

Synthesis of [Al(DEF)(TzDB)]DEF (AlTz-53-DEF)

AlCl3 (0.0313 g, 0.237 mmol), H2TzDB (0.0576 g, 0.180 mmol), and DEF (5.0 mL) were

charged in a Pyrex vial. Themixture was refluxed in a 120�C oil bath and kept under stir-

ring for 2 days. After cooling to room temperature, the pink powder of AlTz-53 was

centrifuged and filtered off, and washed with hot N,N-dimethylformamide (DMF) three

times to remove unreacted ligands. The resulting powder was then dried under 90�C in

an oven overnight and collected with the yield of �0.050 g.

Synthesis of AlTz-53-C18-Time

As-synthesized sample AlTz-53-DEF was washed with hot DMF several times to re-

move unreacted ligands, then washed with diethyl ether three times. MOF sample

(20 mg), 1-octadecene (C18, 6 mL), and diethyl ether (9 mL) were charged in a Pyrex

vial. The mixture was heated in a 30�C oil bath and kept under stirring. After certain

periods of time (0.5 h, 1 h, 3 h, 6 h, and 12 h, respectively), the modifiedMOF sample

was harvested and washed thoroughly with ethyl ether.

Synthesis and Activation of AlTz-68-C18-Time

About 50 mg of AlTz-53-C18-Time was immersed in 0.5 mL of diethyl ether

at room temperature and dried in an oven at 40�C, yielding AlTz-68-C18-Time

(Time = 0–6 h). Other volatile solvents could also be used to achieve the transforma-

tion. Applying higher temperature or vacuum can accelerate the transformation pro-

cess. Before the gas sorption experiment, the obtained AlTz-68-C18-Time was treated

under vacuum at 100�C for 12 h to remove the guest solvent. Gas sorption measure-

ments were then conducted using a Micromeritics ASAP 2020 system. Note that AlTz-

53-C18-12h could not achieve the transformation from AlTz-53 to AlTz-68.

Synthesis and Activation of [Al(OH)(TzDB)] (AlTz-68)

As-synthesized sample AlTz-53-DEF was washed with hot DMF several times to re-

move unreacted ligands, then washed with ethyl ether three times. About 50 mg

of the resulting powder was immersed in 0.5 mL of ethyl ether at room temperature

and dried in an oven at 40�C. The dried pink powder AlTz-68 was collected. Other

volatile solvents could also be used to achieve the transformation. Applying higher
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temperature or vacuum can accelerate the transformation process. Before the gas

sorption experiment, the obtained AlTz-68 was treated under vacuum at 100�C for

12 h to remove the guest solvent. Gas sorption measurements were then conducted

using a Micromeritics ASAP 2020 system.

Synthesis and Activation of AlTz-68-C18*

Activated AlTz-68 sample (20 mg), 1-octadecene (C18, 6 mL), and diethyl ether

(9 mL) were charged in a Pyrex vial. The mixture was heated in a 30�C oil bath and

kept under stirring for 1 h. The modified MOF sample, AlTz-68-C18*, was harvested

and washed thoroughly with ethyl ether.

Contact-Angle Measurements

Contact-angle measurements were recorded with a Panasonic model WV-CP480

SDIII camera. Approximately 5–10 mg of degassed powders were pressed onto a

glass slide with a spatula. A drop of water was slowly dropped onto the sample

with a microsyringe and the contact angle was estimated using the CAM 100 soft-

ware package.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.matt.

2020.01.015.
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科技部補助專題研究計畫出席國際學術會議心得報告 

                                     日期：   年  月   日 

一、 參加會議經過 

2020 年，Covid-19 病毒肆虐全球，德國 Prof. Stefan Kaskel 號召 MOF 領域研究學者，

邀請了一些 MOF 研究領域的領袖學者，舉辦為期四天的線上會議。會議吸引超過近

五百位以上在MOF相關領域上的學者專家、以及儀器廠商的與會。會議有6位Plenary 

Speakers 以及 14 位 Keynote Speakers，都是 MOF 領域內非常傑出的學者。 

Plenary Speakers 
Prof. Xiao-Ming Chen | Sun Yat-Sen University, Guangzhou | CHN 
Prof. François-Xavier Coudert | Université Paris Sciences et Lettres | F 
Prof. Susumu Kitagawa | Kyoto University | J 
Prof. Bettina Lotsch | Max Planck Institute for Solid State Research, Stuttgart | D 
Prof. Martin Schröder | The University of Manchester | UK 
Prof. Omar Yaghi | University of California, Berkeley | USA 
Keynote Speakers 
Prof. Rahul Banerjee | Indian Institute of Science Education and Research, Kolkata | IND 
Prof. Xian-He Bu | Nankai University, Tianjin | PRC 
Prof. Jürgen Caro | Leibniz University Hannover | D 
Prof. Deanna M. D'Alessandro | University of Sydney | AUS 
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Dr. Cara Doherty | Commonwealth Scientific and Industrial Research Organisation 
(CSIRO), Clayton | AUS 
Prof. Tina Düren | University of Bath | UK 
Prof. Shuhei Furukawa | Kyoto University | J 
Prof. Yu Han | King Abdullah University of Science and Technology, Thuwal | KSA 
Prof. Jeffrey Reimer, University of California, Berkeley/USA 
Prof. Christian Serre | Ecole Normale Supérieure, Paris | F 
Prof. Zhiyong Tang | National Center for Nanoscience and Technology, Beijing | PRC 
Prof. Monique van der Veen | TU Delft | NL 
Prof. Hong-Cai Joe Zhou | Texas A&M University, College Station | USA 
Prof. Xiaodong Zou | Stockholm University | S 

整個線上會議的參加熱度及高，德國的 DECHEMA 單位以及會議籌辦單位，完成此

大型的線上會議，著實讓我敬佩。 

主要會議領域的主題有 MOFs, COFs, porous polymers and advanced porous materials 

for applications in Adsorption and Separation, Energy Storage and Batteries, Electronics, 

Sensorics, Supercaps, Optics, Life Science, Photovoltaic and Catalysis 等研究與應用。  

 

二、 與會心得 

Covid-19 病毒肆虐，因為難以坐飛機出國，以及防疫安全考量，全部實體會議都取

消或延後了。本次 MOFweb 2020 Virtual Conference，希望在線上會議的簡單方式上，

只找了 20 位 Plenary Speakers 以及 Keynote Speakers 的演講者的安排下，在國際 MOF

研究領域大受好評，虛擬的方式連結了全球的 MOF 研究者，替未來的實體會議做了

良好的延伸橋接工作。 

 

三、 發表論文全文或摘要 

本次線上會議只有受邀演講，沒有開放一般演講或 poster 的申請，故只有參加線上會議。 

四、建議 

建議學術界可以考慮舉辦一些類似的線上學術研討會議。請科技部也盡量予以補助。 
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五、攜回資料名稱及內容 

DECHEMA 已經將所有講者的演講公開放在 Youtube 上。 

https://www.youtube.com/user/DECHEMAeV/videos 

六、其他 

網頁資訊。  

 

 
 

Detailled programme 

Monday, 21 September: 14.00-18.30h (UTC+02:00) 

14.00h Welcome and Introduction 

14.10h Sequences in Reticular Structures: How to Read, Write, and Edit Them 

Prof. Omar Yaghi | University of California, Berkeley | USA 
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15.00h Advanced Electron Diffraction Techniques for Ab Initio Structure Determination and Phase 

Analysis of Metal-Organic Frameworks and Covalent Organic Frameworks 

Prof. Xiaodong Zou | Stockholm University | S 

15.35h Autonomous screening of porous materials by combining molecular simulation and machine 

learning 

Prof. Tina Düren | University of Bath | UK 

16.10h Break 

16.45h MOF membranes in gas separation – supported layers contra mixed matrix, loser and winner 

Prof. Jürgen Caro | Leibniz University Hannover | D 

17.20h Controlled polymerization and emergent properties of 2D Covalent Organic Frameworks 

Austin M. Evans | Northwestern University | USA 

17.55h From Molecular to Mesoscopic Level: Pore Engineering and Its Catalytic Applications 

Prof. Hong-Cai Joe Zhou | Texas A&M University, College Station | USA 

18.30h End of scientifc programme (Day 1) 

 

Tuesday, 22 September: 12.30-17.05h (UTC+02:00) 

12.30h Welcome 

12.35h PCP/MOF chemistry toward fourth generation (4G) compounds 

Prof. Susumu Kitagawa | Kyoto University | J 

13.25h Harnessing electroactivity in Metal-Organic Frameworks 

Prof. Deanna M. D'Alessandro | University of Sydney | AUS 

14.00h Capture of nitrogen dioxide and conversion to nitric acid in a porous metal organic framework 

Jiangnan Li | The University of Manchester | UK 

14.35h Break 

15.05h Responsive and disordered porous frameworks: connecting microscopic and macroscopic worlds 

Prof. François-Xavier Coudert | Université Paris Sciences et Lettres | F 

15.55h Investigating local structures of MOFs using atomic-resolution transmission electron microscopy 

Prof. Yu Han | King Abdullah University of Science and Technology, Thuwal | KSA 

16.30h Emergence of cooperative rotor dynamics  in metal–organic frameworks 

Prof. Monique van der Veen | TU Delft | NL 

17.05h End of scientifc programme (Day 2) 

 

Wednesday, 23 September: 14.00-18.00h (UTC+02:00) 
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14.00h Welcome 

14.05h Metal Azolate Frameworks: A Unique Class 

Prof. Xiao-Ming Chen | Sun Yat-Sen University, Guangzhou | CHN 

14.55h Porous soft matter made of metal-organic polyhedra 

Prof. Shuhei Furukawa | Kyoto University | J 

15.30h Why antimatter matters: Using positrons for the dynamic study of pores 

Dr. Cara Doherty | Commonwealth Scientific and Industrial Research Organisation (CSIRO), Clayton | 

AUS 

16.05h Break 

16.35h Porous Metal-Organic Framework Materials for Cleaner Air and the Environment 

Prof. Martin Schröder | The University of Manchester | UK 

17.25h NMR and the grand challenges in MOF research 

Prof. Jeffrey Reimer, University of California, Berkeley/USA 

18.00h End of scientifc programme (Day 3) 

 

Thursday, 24 September: 12.30-16.30h (UTC+02:00) 

12.30h Welcome 

12.35h Coordination space with dynamic behaviors 

Prof. Xian-He Bu | Nankai University, Tianjin | PRC 

13.10h Application of supraparticles in catalysis 

Prof. Zhiyong Tang | National Center for Nanoscience and Technology, Beijing | PRC 

13.45h Metal Organic Frameworks and related composites for the catalytic conversion of small 

molecules 

Prof. Christian Serre | Ecole Normale Supérieure, Paris | F 

14.20h Break 

14.50h 2D frameworks as platforms for solar energy conversion and storage 

Prof. Bettina Lotsch | Max Planck Institute for Solid State Research, Stuttgart | D 

15.40h Covalent Organic Frameworks: Chemistry beyond the Structure 

Prof. Rahul Banerjee | Indian Institute of Science Education and Research, Kolkata | IND 

16.15h Closure 

16.30h End of scientific pogramme 
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研討會論文 3 MOF conference

專書 0 本

專書論文 0 章

技術報告 0 篇

其他 0 篇

參
與
計
畫
人
力

本國籍

大專生 1

人次

江奕禎

碩士生 12
高碩亨、劉宸宇、劉湋鈴、呂紹宏、王
威皓、呂柏毅、張嘉芳、錢毅等

博士生 1 湯博翔

博士級研究人員 0

專任人員 1 田一君

非本國籍

大專生 0

碩士生 0

博士生 4 蘇穎穎等

博士級研究人員 1 Souvik Pal

專任人員 0

其他成果
（無法以量化表達之成果如辦理學術活動
、獲得獎項、重要國際合作、研究成果國
際影響力及其他協助產業技術發展之具體
效益事項等，請以文字敘述填列。）　　

本計畫之執行將有助於孔洞性MOF之合成及相關特性之瞭
解，再透過論文發表及參與國際性會議，跟美國以及日本
學者共同發表，將可提高我國之學術地位。


