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We demonstrate the synthesis of zeolitic imidazolate framework

ZIF-11 via a microwave assisted approach. The resultant 2-7 Im
crystals were synthesized in minutes and displayed BET surface

areas as high as 745 m 2 g . The state-of-the-art ZIF-11 synthesis
techniques are summarized. XRD, SEM, and porosimetry were used

as pivotal characterization techniques.

Introduction

Zeolitic imidazolate frameworks represent a subclass of metal
organic frameworks formed by linking zinc or cobalt ions with
nitrogen atoms of imidazole based groups resulting in micro-
porous crystalline structures with diverse and distinctive
topologies.“2 Due to the size of their limiting pore apertures,
enhanced mechanical and thermal stability, and topological

diversity, zeolitic imidazolate frameworks have been recognized aslution was placed in a Teflon liner,

highly appealing materials (in membrane form) for challenging
molecular gas separations®® In particular, ZIF-11 is a suitable
candidate for molecularly sieving industrially relevant  gases.
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Synthesis of ZIF-11 crystals by microwave heatingt
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hot spots. Typically, microwave heating leads to smaller and
uniform crystals with narrow size distribution, which is highly
desirable for many functional applications. Several porous
crystalline materials, including zeolites2®?2 mesoporous
oxides?® metal organic frameworks 242 and recently porous
organic cages®’ have been synthesized via a microwave assisted
approach. Herein, we report the successful synthesis of ZIF-11
crystals via a microwave assisted approach. To our best knowledge,
we demonstrate for the first time the synthesis of this zeolitic
imidazolate framework by a microwave assisted approach.

Two solutions were prepared. The first solution consisted of
0.24 g benzimidazole dissolved in a solvent mixture of 6.4 g
methanol, 9.2 g toluene, and 2.4 g ammonium hydroxide. The
other solution consisted of 0.22 g zinc acetate dihydrate,
dissolved in 3.2 g of methanol. Both solutions were combined
and stirred at  room temperature for 2 hours.  The resultant
sealed, and placed in a
microwave oven (CEM Mars 5). The temperature was ramped to
100 1C and held for 15 min and 1 hour. The microwave power
was set to 400 W. The resultant solution was filtered, rinsed

ZIF-11 is a microporous zeolitic imidazolate framework consistingd with methanol, and dried overnight at 80 1C. An additional

of Zn atoms coordinated with nitrogen atoms of benzimidazole

forming a crystalline structure with RHO type topology and with amixed for only 2 minutes before microwave heating.

limiting pore aperture of 3 A7

experiment was carried out, where the two solutions  were
Details

on characterization are available in the ESI.t

ZIF-11 crystals have been prepared via conventional solvotherméftig. 1 shows the PXRD patterns of two representative micro-

approaches centrifugation® room temperature synthesfs;®sono-
crystallization, '® and refluxing. '""'® Microwave heating repre-
sents an alternative synthesis approach. Microwave heating
offers the following general advantages as compared to con-
ventional solvothermal approaches?® (a) higher heating rates
as compared to conventional heating, (b) no wall or heating
diffusion effects, (c) selective heating due to the presence of
microwaves, and (d) more uniform heating due to the lack of
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wave synthesized ZIF-11 crystals at two different heating times. The
resultant PXRD patterns of these two samples correspond to the
typical RHO topology of ZIF-{The synthesis of ZIF-11 crystals via
traditional approaches (solvothermal, room temperature, and sono-
chemical) requires severalhours, while the synthesis of these
crystals via a microwave assisted approach took only several
minutes. Both microwave synthesized samples displayed a slight
XRD peak displacement as compared to the simulated XRD
nattern_suaaesting a small change in the unit cell dimensions of
ZIF-11. Specifically, the samples exhibited a small shift in their XRD
peaks to higher two theta angles, indicating a decrease in their
interplanar spacing. When comparing the two samples, the relative
degree of crystallinity (presence of sharper peaks) is higher for the
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highly crystalline faceted rhombohedra. Crystals synthesized
for 15 minutes and 60 minutes  exhibited crystals with an
average size of 4.33 1.67 mm and 4.14 1.85 mm, respectively.
Fig. S3 (ESIt) shows the size distributions of these samples. The
Literature relatively small crystal size of the microwave synthesized ZIF-11
crystals can be associated with the high nucleation rate provided by
® the microwave heating. It is known that microwaves lead to a high
dissolution of reactants at very short times, promoting the formation
of an increased concentration of small nuclei. Subsequent
crystallization of these nuclei due to the rapid consumption of

. : : : : : : the reactant leads to small crystals with narrow size distribution.

’ 10 1 Tw(jl?em (d::) 00340 Fig. 3 shows the nitrogen adsorption—-desorption isotherms
Fig. 1 PXRD patterns of ZIF-11 crystals synthesized via a microwave o,f th,e Z,lF-“ rmicrowave Sampl,es,' The In,sets show the pore
assisted approach with heating times of (a) 15 minutes and (b) 60 minutes. distributions of  the samples within the microporous range.
For comparison, the simulated XRD pattern of ZIF-11 is shown. The observed hysteresis loops of these crystals exhibit the

shape that is characteristic of microporous type materials. 332
The BET surface areas extracted from these isotherms were

sample synthesized at longer heating timesThis observed slight 713m? g ' and745m 2 g ' for the samples synthesized
change in their interplanar spacings suggests framework flexibilitfor 15 min and 60 minutes,  respectively. Nitrogen isotherm
a distinctive feature that is common in several microporous collection took more than 2 days for the microwave synthesized
crystals?®2° including zeolitic imidazolate frameworks.'®3° The ZIF-11, because it is known to be fairly “non-porous” to
higher intensity of some of the peaks corresponding to the micro-nitrogen®'! due to its limiting aperture size of 3A. Our
wave samples (as compared to the simulated pattern) may suggesiported values corroborate ZIF-11’s high pore flexibility suggested
preferential exposure of that particular crystallographic plane, andfarlier.'® The slight increase in surface area for the 60 minutes
or adifferent degree of relative crystallinity in the resultant =~ sample might be due to its enhanced relative crystallinity.
samples. The relative crystallinity of the two samples as comparehh principle, the increase in surface area for  several metal
to the simulated powder pattern has been calculated (ESItThe organic frameworks can be related to an increase in long
relative crystallinity of the 15 minute and 60 minute sample whenrange order.
integrating the area under the peak at 2y = 4.31 is 2.8%, and 90.7%Fig. S4 (ESIt) shows the FTIR spectra of ZIF-11 synthesized via
respectively. The intensity of the main peak corresponding to the a microwave assisted approach for 15 minutes.A characteristic
(110) plane of ZIF-11 is much lower for the microwave synthesizefn-N stretch at 427 cm ' *3indicates the successfulbond for-
samples. This suggests a higher degree of local structural disordenation between zinc ions and the benzimidazole organic linker.
and a lower degree of relative crystallinity as compared to the The CQC bending around 730 cm ' C-H bending around
simulated pattern. This local structural disorder has been observet450 cm . caQc stretching around 1600 cm 1 and C-N stretch
for metal organic framework&® Shorter solution mixing is possible at 1250 cm ' are all frequencies associated with the bonds
with this system. Fig. S1 (ESIT) illustrates the PXRD pattern of a contained within the benzimidazole molecule.
sample which was mixed with all ZIF-11 components for only two
minutes before microwave heating.This sample shows excellent
crystallinity and RHO topology.Fig. S2 (ESIt) is a representative 350

—~
=
=]

=

(511)

(300) 31
0) 321)

11
20))
32

(100)
(200)
(
L@
@2)
2
(500) (510)
(521)

i

Intensity (a.u.)

(a)

SEM image of this sample.
Fig. 2 illustrates the representative SEM images of the £ 30
. . . |
microwave synthesized ZIF-11 crystals. The samples display 0 q pafab]
s . o 0 9 A %A Pas o
= 250 s 0093388 ﬁb s ohab
£ 0 a @ a &
S 3 g 2 s & B
et 88 0 pad a &8
E: 200 ﬁAA AﬁﬁgAd =
< A
< 03
> 150 |a Boxs
& a &
S S
< 100 ‘m
vevedn:mv(h N ’ vwedur:wml :
50
0 0.1 0.2 03 04 0.5 0.6 0.7 08 09 1

Relative Pressure (P/P,)

Fig. 3 Nitrogen adsorption (triangles)-desorption (circles) isotherms at
Fig. 2 Representative SEM images of ZIF-11 crystals synthesized via a 77 Kof ZIF-11 crystals synthesized via a microwave assisted approach:
microwave assisted approach with heating times: (@) 15minand (b) 60 (blue) 15 minutes and (green) 60 minutes. Insets indicate the pore size
minutes. Inset scale bars are 1 mm. distributions.
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Table 1  State-of-the-art synthetic approaches and general  properties of ZIF-11 crystals

Synthesis approach Synthesis time and temp. Crystal size (mm) N surface area (m? g ") Ref.
Solvothermal 4 days, 100 1C Not reported 1676 m2 g ' (simulation) 1
Centrifugation 1-30 min, 18 1C B0.04-16.61 8
Room temp. Stirring 3 h, 23 1C B2-8 9
Room temp. Stirring 3 h, 23 1C Not reported (97 m2g ") 10
Room temp. Stirring 3 h, 23 1C B1-6 11
Room temp. Stirring 4 h, 23 1C B0.54.5 12
Room temp. Stirring 2 h, 23 1C B 0.5-2.5 13
Room temp. Stirring 3 h, 23 1C B1-3 14
Room temp. Stand for 4 h, stirred 2 h, 4 h 22, 36 15
Sono-crystallization 6-12h, 60 1C B1-5 16
Refluxed 100 1C Not reported 17
Refluxed 6-96 h, 60 1C, 100 1C B2-4.5 18
Microwave 15 & 60 min, 100 1C B2-7 (745mZ3g ) This work

Fig. S5 (ESIt) shows the TGA profile of ZIF-11 synthesized vi&rofessors John Falconer and Rich Noble from the University of
a microwave assisted approach for 15 minutes. ZIF-11 is stable Colorado for allowing us to use the microwave system.
up to B520 1C. This thermal stability is consistent with previous
literature. 34

Table 1 compares the synthetic approaches that have been Notes and references
employed to synthesize ZIF-11 crystals. Most of the reported
ZIF-11 crystals have been synthesized at room temperature
under stirring conditions for up to 4 hours.  ®'® The shortest
synthesis time shown is for ZIF-11 synthesized via centrifugation
for up to 1 minute, though overall crystallization is somewhat
compromised.? Crystal size distributions vary for each method Chem,, Int. Ed., 2006, 45, 1557-1559.
(with the exception of ref. 15), and although microwave synthesis S 1- WU, X. Feng, S. K. Elsaidi, P. K. Thallapally and M. A.
is known for the production of narrowly distributed crystals, 3° Carreon, Ind. Eng. Chem. Res., 2017, 56, 1682-1686.
we do not accomplish this with the ZIF-11 system. BET surface 4 N- Rangnekar, N. Mittal, B. Elyassi, J. Caro and M. Tsapatsis,
areas are scarcely reported due to nitrogen diffusion limitations Chem. Soc. Rev., 2015, 44, 7128-7154.
within ZIF-11 pores.

1 K. S. Park, Z. Ni, A. P. Ct&, J. Y. Choi, R. Huang, F. J. Uribe-
Romo, H. K. Chae, M. O’Keeffe and O. M. Yaghi, Proc. Natl.
Acad. Sci. U. S. A, 2006, 103, 10186.

2 X.-C. Huang, Y.-Y. Lin, J.-P. Zhang and X.-M. Chen, Angew.

6 Y. S. Lin, Curr. Opin. Chem. Eng., 2015, 8, 21-28.
7 R. Banerjee, A. Phan, B. Wang, C. Knobler, H. Furukawa,

Conclusions M. Keeffe and O. M. Yaghi, Science, 2008, 319, 939.
8 J. Smchez-Lanez, B. Zornoza, A. Mayoral, A Berenguer-
In summary, a prototypical zeolitic imidazolate framework Murcia, D. Cazorla-Amofs, C. Téez and J. Coronas, J. Mater.

denoted as ZIF-11 was prepared via microwave heating. The Chem. A, 2015, 3, 6549-6556.

rapid and localized heating provided by microwaves led to the 9 H. Hu, S. Liu, C. Chen, J. Wang, Y. Zou, L. Lin and S. Yao,
formation of regular ZIF-11 crystals with narrow size distribution. Analyst, 2014, 139, 5818-5826.

ZIF-11 crystals in the size range of B5 mm and 3 mm were obtainggl A. Noguera-Daz, J. Villarroel-Rocha, V. P. Ting, N. Bimbo,

at microwave times of 15 and 60 minutes, respectively. The K. Sapag and T. J. Mays, J. Chem. Technol. Biotechnol., 2019,
synthesized ZIF-11 crystals displayed BET surface areas in the 94, 3787-3792.

713-745m? g ' range. The PXRD patterns confirmed the 11 J. Sasnchez-Lénez, B. Zornoza, A. F. Orsi, M. M. tozihska,
formation of RHO topology, typical of ZIF-11. To the best of D. M. Dawson, S. E. Ashbrook, S. M. Francis, P. A. Wright,

our knowledge, this study represents the first example of the V. Benoit, P. L. Llewellyn, C. Tédlez and J. Coronas, Chem. —
successful synthesis of ZIF-11 crystals via a microwave assisted Eur. J., 2018, 24, 11211-11219.
approach. 12 L. Li, J. Yao, X. Wang, Y.-B. Cheng and H. Wang, J. Appl.

Polym. Sci., 2014, 131, 41056.
. . 13 A. B. Yumru, M. Safak Boroglu and I. Boz, Greenhouse Gases:
Conflicts of interest Sci. Technol.2018, 8, 529-541.
14 M. He, J. Yao, Q. Liu, Z. Zhong and H. Wang, Dalton Trans.,
2013, 42, 16608-16613.
15B. R. Pimentel, M. L. Jue, E.-K. Zhou, R. J. Verploegh,
Acknowledgements J. Leisen, D. S. Sholl and R. P. Lively, J. Phys.Chem.C,
2019, 123, 12862-12870.
M. A. Carreon acknowledges the National Science Foundation 16 B. Seoane, J. M. Zamaro, C. Tellez and J. Coronas, CrystEng-
NSF-CBET Award # 1705675 for financial support. We thank Comm, 2012, 14, 3103-3107.

There are no conflicts to declare.

3564 | NewJ. Chem. 2020, 44 ,3562--3565 This journal is© The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020

5 S. Qiu, M. Xue and G. Zhu, Chem. Soc. Rev., 2014, 43, 6116-6140.



Published on 07 February 2020. Downloaded by Colorado School of Mines on 7/1/2020 7:22:19 PM.

Letter

17 B. Reif, F. Fabisch, M. Hovestadt, M. Hartmann and
W. Schwieger, Microporous Mesoporous Mater.,2017, 243,
65-68.

18 B. Reif, C. Paula, F. Fabisch, M. Hartmann, M. Kaspereit
and W. Schwieger, Microporous Mesoporous Mater.,2019,
275, 102-110.

19Y. Liand W. Yang, J. Membr. Sci., 2008, 316, 3-17.

20 S. R. Venna and M. A. Carreon, J. Mater. Chem., 2009, 19,
3138-3140.

21 Z. Xie, M. Zhu, A. Nambo, J. B. Jasinski and M. A. Carreon,
Dalton Trans., 2013, 42, 6732-6735.

22 G. A. Tompsett, W. C. Conner and K. S. Yngvesson,Chem-
PhysChem, 2006, 7, 296-319.

23 C. A. Deshmane, J. B. Jasinski and M. A. Carreon, Micro-
porous Mesoporous Mater., 2010, 130, 97-102.

View Article Online

NJC

27 J. Lucero, C. Osuna, J. M. Crawford and M. A. Carreon,
CrystEngComm, 2019, 21, 4534-4537.

28 L. Yang, G. L. Ruess and M. A. Carreon, Catal. Sci. Technol.,
2015, 5, 2777-2782.

29 J. Lucero, S. K. Elsaidi, R. Anderson, T. Wu, D. A. Gomez-
Gualdron, P. K. Thallapally and M. A. Carreon, Cryst. Growth
Des., 2018, 18, 921-927.

30 C. Zhang, R. P. Lively, K. Zhang, J. R. Johnson, O. Karvan
and W. J. Koros, J. Phys. Chem. Lett., 2012, 3, 2130-2134.

31 K. S.W. Sing, D. H. Everett, R. A. W. Haul, L. Moscou,
R. A. Pierotti, J. Rouquerol and T. Siemieniewska, Pure Appl.
Chem., 1985, 57, 603-619.

32 J. Rouquerol, D. Avnir, C. W. Fairbridge, D. H. Everett,
J.H. Haynes, N. Pernicone, J. D. F. Ramsay,K. S. W. Sing
and K. K. Unger, Pure Appl. Chem., 1994, 66, 1739.

24 J. Klinowski, F. A. Aimeida Paz, P. Silva and J. Rocha, Dalton33 H. Hu, S. Liu, C. Chen, J. Wang, Y. Zou, L. Lin and S. Yao,

Trans., 2011, 40, 321-330.

25Z7. Ni andR. |. Masel, J. Am. Chem. Soc., 2006, 128,
12394-12395.

26 N. A. Khan and S. H. Jhung, Coord. Chem.Rev.,2015, 285,
11-23.

This journal is© The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020

Analyst, 2014, 139, 5818-5826.

34 M. Safak Boroglu and A. B. Yumru, Sep. Purif. Technol., 2017,
173, 269-279.

35 G. Gravotto and D. Carnaroglio, Microwave Chemistry,
DeGruyter, Berlin, Germany, 2017.

New J. Chem. | 2020, 44 ,3562--3565 | 3565



	Page 1
	Page 2
	Page 3
	Page 4

