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The material demand for metal organic framework (MOF) production
necessitates advance in their expedient and scalable synthesis that can
operate at room temperature which would be pivotal for chemical
industry. Toward that end, M-Hoba, where M = divalent metal acetate
and Hoba = 4,4'-oxybis(benzoic acid), can now be prepared in
minutes via a controlled dissolution—crystallization route with divalent
metal acetate as a precursor. MOFs prepared by this strategy were
highly crystalline. This synthetic method was also applied successfully
to the synthesis of a MOF-5 series (Cu) and Cu-BTC to highlight its
generality. This method can move traditional MOF synthesis from the
laboratory scale to the industrial scale.

MOFs are porous materials synthesized from inorganic metal
ions and organic ligands, with functional tunability, ultrahigh
porosity and enormous internal large surface areas for active
sites.’ Moreover, layered MOFs have highly accessible active
sites on their surface, which could be ideal for catalytic appli-
cations.*”® The industrial adoption of MOFs would be greatly
improved through a scalable rapid synthesis method that can
operate at room temperature, which would be pivotal for the
chemical industry; it would require the careful selection of the
metal precursor in terms of both the environmental impact and
cost.'™ MOFs are typically synthesized under harsh conditions,
requiring high temperatures and pressures, which results in
high production costs. The demands for metal-organic frame-
work (MOF) materials for next-generation energy storage and
conversion, in the fields of storage, purification, separation, and
heterogeneous catalysis, necessitate advances in their expedient
and scalable synthesis under ambient conditions and on short
timescales.”"” MOFs are generally synthesized via solvothermal
or hydrothermal methods,” which typically require high
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temperatures and pressures;'® however, until now, they have
been some of the most widely used synthetic methods for
preparing MOF materials from the milligram scale to a larger
scale level. Recent reviews have considered scalable synthetic
MOF production and commercialization efforts.>® Julien et al.
highlighted the most important factors of concern during
scalable and sustainable MOF synthesis.*

Miquel Gimeno-Fabra et al. demonstrated the first MOF
synthesis production method using a countercurrent mixing
reactor; in this they used preheated water at around 400 °C at
the mixing point. The first material synthesized via this method
was Cu-BTC, with reaction times of 3 to 12 h. This makes them
of interest industrially, where they may engender novel
approaches for energy applications and environmental reme-
diation technologies.” However, their instant mixing method
requires very high temperatures and long timescales. Lorenzo
Maserati et al. reported®*** the rapid synthesis of an M-MOF-74
series from divalent metal oxides. This is the most rapid MOF
synthesis.” However, it's not applicable as a common method
for the synthesis of other standard MOFs. In the laboratory,
MOFs are synthesized on milligram scales, requiring high
temperatures and multi-day reaction times with pressure
vessels. Therefore, a scalable rapid synthesis method that
operates at room temperature would be pivotal for the chemical
industry to move from the milligram scale to a larger
scale.”*?"?32 Herein, we report MOF synthesis with divalent
metal acetate as a precursor via a controlled dissolution-crys-
tallization method in minutes. This doesn't require high
temperatures, pressures, or long timescales. It's a simple and
instant method for MOF synthesis, and also can be applied to
particular standard MOFs.

In catalyst preparation where water can be utilized as
a medium, the use of organic solvent is minimized at a ratio of
3 : 1 (water : DMF). To begin the accelerated pace metal acetate-
to-MOF process (Fig. 1), the metal acetate was dissolved
completely in water and filtered through a filter membrane
(0.22 pm), followed by simply mixing in the organic linker
(dissolved in DMF). This MA-to-MOF transformation was
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Fig. 1 (a) SEM images of MA precursors (left column) and their
respective reaction products with Hoba in water and DMF. (b) PXRD
patterns of the products synthesized in one minute.

likewise observed via the naked eye, where the analogous liquid-
to-solid transformation was observed over a time span of 0-60 s
at room temperature (Fig. S11). The SEM images and PXRD data
in Fig. 2 and 3 show the transformations of the morphologies
and crystallinities of the MOFs from 30 s to 1 h. The reaction
was allowed to proceed until the liquid-to-solid transformation
was complete (seconds to minutes, depending on the metal
acetate). Fig. 4 and 5 show TEM images and elemental mapping,
confirming the morphologies and uniform distributions of the
metal nodes. Fourier transform infrared spectroscopy (FTIR)
spectra of the MOFs (Fig. S5-S8t) show characteristic bands
that are associated with organic ligands, water, DMF solvent,
and copper coordination groups in the frameworks. The char-
acteristic band at 1110 cm™" shows the formation of C-O-Cu
bonds. The band at 1666 cm ™" is assigned to the carbonyl group
in DMF. Benzene ring bands are exhibited at 1578, 1501, 1399,
1156, and 1017 cm ™. The other bands are attributed to mois-
ture or C-H bands in the fingerprint region. The characteristic
XPS peaks of Cu 2p;,, were observed at 934.8 eV, showing the
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Fig.2 Scanning electron microscopy (SEM) images (a—c) of Cu-Hoba
and (d) PXRD patterns showing the instant formation of Cu-Hoba MOF
over timescales from 30 s to 1 h.
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Fig. 3 Scanning electron microscopy (SEM) images (a—c) of Zn-Hoba
and (d) PXRD patterns showing the instant formation of Zn-Hoba MOF
over timescales from 30 sto 1 h.

existence of divalent Cu(u) species in the MOFs. Interestingly,
these reaction conditions were also applied successfully to the
synthesis of standard MOFs, including the MOF-5 series (Cu)
and Cu-BTC, (Fig. S3 and S4f) and further investigation
regarding the scope of this method is currently under progress
in the laboratory with structural modifications and other stan-
dard MOFs.

The selective oxidation of alcohols to aldehydes plays a vital
role in the chemical industry. In particular, benzaldehyde
synthesis from benzyl alcohol attracts tremendous interest
because it's a raw material for other organic compounds in
industry, and it is also an intermediate in agrochemical and
drug synthesis. Several studies have reported the catalytic
oxidation of benzyl alcohol to benzaldehyde using different
catalysts and oxidants. When commercial Cu(OAc), and CuCl,

Fig. 4 (a) Scanning electron microscopy (SEM) images of Cu-Hoba;
inset: a larger scale image. (b) Transmission electron microscopy (TEM)
images of Cu-Hoba; inset: the SAED (selected area electron diffrac-
tion) pattern. (c) A high-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) image and the corresponding
energy-dispersive X-ray spectroscopy (EDS) elemental mapping, after
synthesis in 1 h.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) A scanning electron microscopy (SEM) image of Zn-Hoba.
(b) A transmission electron microscopy (TEM) image of Zn-Hoba;
inset: the SAED (selected area electron diffraction) pattern. (c) A high-
angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) image and the corresponding energy-dispersive X-ray
spectroscopy (EDS) elemental mapping, after synthesis in 1 h.

Table 1 BzOH oxidation with various catalysts under standard
conditions®

No Catalyst Conversion
1 Cu acetate 2%

2 Cu chloride 4%

3 Cu-Hoba 60.2%

“ Reaction conditions: benzyl alcohol: 0.5 ml; catalyst: 50 mg; DMF:
1 ml; oxidant: 2 ml TBHP; 30 °C; 18 h.

were used as catalysts, negligible benzaldehyde was produced
(Table 1). First, we screened the reaction to evaluate different
parameters, like the oxidant, solvent, and catalyst. From the
screening tests, we conclude that the selective oxidation of
benzyl alcohol to benzaldehyde could occur with TBHP as an
oxidant and DMF as a solvent, catalyzed by the Cu-Hoba MOF.
The recyclability was checked over five consecutive cycles with
no apparent loss of catalytic activity (Fig. S9 and 107).

In conclusion, we expand our new method of MOF discovery
into the field of catalysis. The demand for the expedient and
scalable production of MOF materials is vital for next-
generation technologies. We focus here on the basic chem-
istry that expedites MOF formation from a metal acetate
precursor via a dissolution crystallization method. There is lots
to learn from this new method, from the milligram to the
molecular scale, and our understanding of this scalable
minutes-long synthesis method is an important guidepost on
the path to commercial MOF production. This synthesis can be
done at room temperature, without any additional pressure, in
a few minutes. Therefore, we hope that this MOF production
method can replace commercial hydrothermal or solvothermal
methods in industrial plants. Also, the synthesis and catalysis
are done at room temperature. Therefore, this method can
replace the noble metal catalysts used for alcohol oxidation
reactions in industrial plants.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Nanoscale Advances

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors gratefully acknowledge financial support from the
CAS-TWAS president's fellowship.

References

1 H. Furukawa, K. E. Cordova, M. O'Keeffe and O. M. Yaghi,
Science, 2013, 341, 1230444.

2 O. M. Yaghi, M. O'keeffe, N. W. Ockwig, H. K. Chae,
M. Eddaoudi and J. Kim, Nature, 2003, 423, 705.

3 M. E. Davis, Nature, 2002, 417, 813.

4 M. Zhao, Y. Huang, Y. Peng, Z. Huang, Q. Ma and H. Zhang,
Chem. Soc. Rev., 2018, 47, 6267-6295.

5 M. Zhao, Q. Lu, Q. Ma and H. Zhang, Small Methods, 2017, 1,
1600030.

6 M. Fujita, Y. J. Kwon, S. Washizu and K. Ogura, J. Am. Chem.
Soc., 1994, 116, 1151-1152.

7 ]J. Lee, O. K. Farha, J. Roberts, K. A. Scheidt, S. T. Nguyen and
J. T. Hupp, Chem. Soc. Rev., 2009, 38, 1450-1459.

8 G. Zhan, L. Fan, F. Zhao, Z. Huang, B. Chen, X. Yang and
S. f. Zhou, Adv. Funct. Mater., 2019, 29, 1806720.

9 G. Zhan and H. C. Zeng, Adv. Funct. Mater., 2016, 26, 3268-
3281.

10 G. Majano and J. Pérez-Ramirez, Adv. Mater., 2013, 25, 1052
1057.

11 A. U. Czaja, N. Trukhan and U. Miiller, Chem. Soc. Rev., 2009,
38, 1284-1293.

12 D. ]J. Tranchemontagne, J. R. Hunt and O. M. Yaghi,
Tetrahedron, 2008, 64, 8553-8557.

13 R. Babu, R. Roshan, A. C. Kathalikkattil, D. W. Kim and
D.-W. Park, ACS Appl. Mater. Interfaces, 2016, 8, 33723-
33731.

14 Y. Chen, X. Mu, E. Lester and T. Wu, Prog. Nat. Sci.: Mater.
Int., 2018, 28, 584-589.

15 W. Fan, X. Wang, X. Zhang, X. Liu, Y. Wang, Z. Kang, F. Dai,
B. Xu, R. Wang and D. Sun, ACS Cent. Sci., 2019, 57, 1261-
1268.

16 Z. Li, X. Xing, D. Meng, Z. Wang, J. Xue, R. Wang, J. Chu,
M. Li and Y. Yang, iScience, 2019, 15, 514-523.

17 Y. Mao, J. Li, W. Cao, Y. Ying, P. Hu, Y. Liu, L. Sun, H. Wang,
C. Jin and X. Peng, Nat. Commun., 2014, 5, 5532.

18 O. Yaghi and H. Li, J. Am. Chem. Soc., 1995, 117, 10401-
10402.

19 J. Mao, Y. Tang, Y. Wang, J. Huang, X. Dong, Z. Chen and
Y. Lai, iScience, 2019, 16, 133-144.

20 S. B. Peh, Y. Wang and D. Zhao, ACS Sustainable Chem. Eng.,
2019, 7, 3647-3670.

21 P. A. Julien, C. Mottillo and T. Fris¢i¢, Green Chem., 2017, 19,
2729-2747.

22 M. Gimeno-Fabra, A. S. Munn, L. A. Stevens, T. C. Drage,
D. M. Grant, R. ]J. Kashtiban, ]J. Sloan, E. Lester and
R. I. Walton, Chem. Commun., 2012, 48, 10642-10644.

Nanoscale Adv., 2019, 1, 3379-3382 | 3381


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9na00350a

Open Access Article. Published on 02 August 2019. Downloaded on 4/7/2026 5:24:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

23 S. E. Doris, J. J. Lynch, C. Li, A. W. Wills, J. J. Urban and
B. A. Helms, J. Am. Chem. Soc., 2014, 136, 15702-15710.

24 Y. Li, M. Afzaal and P. O'Brien, J. Mater. Chem., 2006, 16,
2175-2180.

25 L. Maserati, S. M. Meckler, C. Li and B. A. Helms, Chem.
Mater., 2016, 28, 1581-1588.

26 M. Rubio-Martinez, C. Avci-Camur, A. W. Thornton, I. Imaz,
D. Maspoch and M. R. Hill, Chem. Soc. Rev., 2017, 46, 3453~
3480.

27 S. S.-Y. Chui, S. M.-F. Lo, J. P. Charmant, A. G. Orpen and
I. D. Williams, Science, 1999, 283, 1148-1150.

28 P. Nugent, Y. Belmabkhout, S. D. Burd, A. ]J. Cairns,
R. Luebke, K. Forrest, T. Pham, S. Ma, B. Space and
L. Wojtas, Nature, 2013, 495, 80.

3382 | Nanoscale Adv., 2019, 1, 3379-3382

View Article Online

Communication

29 M. Gaab, N. Trukhan, S. Maurer, R. Gummaraju and
U. Miiller, Microporous Mesoporous Mater., 2012, 157, 131-
136.

30 Y.-K. Seo, J. W. Yoon, ]J. S. Lee, U.-H. Lee, Y. K. Hwang,
C.-H. Jun, P. Horcajada, C. Serre and J].-S. Chang,
Microporous Mesoporous Mater., 2012, 157, 137-145.

31 D. Lenzen, P. Bendix, H. Reinsch, D. Frohlich, H. Kummer,
M. Modllers, P. P. Hiigenell, R. Gliser, S. Henninger and
N. Stock, Adv. Mater., 2018, 30, 1705869.

32 S. Yuan, L. Feng, K. Wang, J. Pang, M. Bosch, C. Lollar,
Y. Sun, J. Qin, X. Yang and P. Zhang, Adv. Mater., 2018, 30,
1704303.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9na00350a

	Minute/instant-MOFs: versatile, high quality, ultrafast, scalable production at room temperatureElectronic supplementary information (ESI) available. See DOI: 10.1039/c9na00350a
	Minute/instant-MOFs: versatile, high quality, ultrafast, scalable production at room temperatureElectronic supplementary information (ESI) available. See DOI: 10.1039/c9na00350a
	Minute/instant-MOFs: versatile, high quality, ultrafast, scalable production at room temperatureElectronic supplementary information (ESI) available. See DOI: 10.1039/c9na00350a


