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Abstract

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim The metal-organic frameworks (MOFs)
M(BPZNO2) (M=Co, Cu, Zn; H2BPZNO2=3-nitro-4,4’-bipyrazole) were prepared through
solvothermal routes and were fully investigated in the solid state. They showed good thermal
stability both under a N2 atmosphere and in air, with decomposition temperatures peaking up to
663 K for Zn(BPZNO2). Their crystal structure is characterized by 3D networks with square
(M=Co, Zn) or rhombic (M=Cu) channels decorated by polar NO2 groups. As revealed by N2
adsorption at 77 K, they are micro-mesoporous materials with BET specific surface areas
ranging from 400 to 900 m2 g—1. Remarkably, under the mild conditions of 298 K and 1.2 bar,
Zn(BPZNO2) adsorbs 21.8 wt % CO2 (4.95 mmol g—1). It shows a Henry CO2/N2 selectivity of 15
and an ideal adsorbed solution theory (IAST) selectivity of 12 at p=1 bar. As a CO2 adsorbent,
this compound is the best-performing MOF to date among those bearing a nitro group as a
unique chemical tag. High-resolution powder X-ray diffraction at 298 K and different CO2
loadings revealed, for the first time in a NO2-functionalized MOF, the insurgence of primary
host-guest interactions involving the C(3)-NO2 moiety of the framework and the oxygen atoms
of carbon dioxide, as confirmed by Grand Canonical Monte Carlo simulations. This interaction
mode is markedly different from that observed in NH2-functionalized MOFs, for which the carbon
atom of CO2 is involved.

http://dx.doi.org/10.1002/chem.201802240

Keywords
adsorption, host-guest interactions, metal-organic frameworks, N ligands, X-ray diffraction
References

[1] T.H. Oh, Renewable Sustainable Energy Rev. 2010, 14, 2697

[2] Handbook of Porous Solids, Vol. 1-5 (Eds.: F. Schith, K. S. W. Sing, J. Weitkamp), Wiley-VCH, Weinheim, 2002
[3] H.Yang, Z. Xu, M. Fan, R. Gupta, R. B. Slimane, A. E. Bland, I. Wright, J. Environ. Sci. 2008, 20, 14

[4] L. R. MacGillivray, C. M. Lukehart, Metal-Organic Framework Materials, Wiley, New York, 2014

[5] B. Seyyedi, Metal-Organic Frameworks: A New Class of Crystalline Porous Materials, Lambert Academic,
Saarbricken, 2014


https://core.ac.uk/display/197477995?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1002/chem.201802240

(6]

(7]

(8]

[9]
[10]
[11]
[12]
[13]
[14]

[15]
[16]

(17]
(18]
[19]
[20]
[21]
[22]
(23]
[24]
[25]
[26]

[27]

(28]

[29]

[30]

[31]

[32]
[33]

[34]
[35]

[36]

[37]

(38]
[39]
[40]

[41]

S. R. Batten, N. R. Champness, X.-M. Chen, J. Garcia-Martinez, S. Kitagawa, L. Ohrstrém, M. O'Keeffe, M. P. Suh,
J. Reedijk, Pure Appl. Chem. 2013, 85, 1715-1724

P. Z. Moghadam, A. Li, S. B. Wiggin, A. Tao, A. G. P. Maloney, P. A. Wood, S. C. Ward, D. Fairen-Jimenez, Chem.
Mater. 2017, 29, 2618-2625

M. P. Suh, H. J. Park, T. K. Prasad, D. W. Lim, Chem. Rev. 2012, 112, 782-835

A. H. Chughtai, N. Ahmad, H. A. Younus, A. Laypkovc, F. Verpoort, Chem. Soc. Rev. 2015, 44, 6804-6849
J. Liu, L. Chen, H. Cui, J. Zhang, L. Zhang, C.-Y. Su, Chem. Soc. Rev. 2014, 43, 6011-6061

A. Rossin, G. Tuci, L. Luconi, G. Giambastiani, ACS Catal. 2017, 7, 5035-5045

F.-Y.Yi, D. Chen, M.-K. Wu, L. Han, H.-L. Jiang, ChemPlusChem 2016, 81, 675-690

Z. Hu, B. ). Deibert, . Li, Chem. Soc. Rev. 2014, 43, 5815-5840

P. Horcajada, C. Serre, G. Maurin, N. A. Ramsahye, F. Balas, M. Vallet-Regi, M. Sebban, F. Taulelle, G. Férey, ).
Am. Chem. Soc. 2008, 130, 6774-6780

S. S. Han, D. Kim, D. H. Jung, S. Cho, S.-H. Choi, Y. . Jung, J. Phys. Chem. C 2012, 116, 20254-20261

R. Banerjee, H. Furukawa, D. Britt, C. Knobler, M. O'Keeffe, 0. M. Yaghi, J. Am. Chem. Soc. 2009, 131,
3875-3877

M. Zhang, Q. Wang, Z. Lu, H. Liu, W. Liu, J. Bai, CrystEngComm 2014, 16, 6287-6290

D. K. Maity, A. Halder, B. Bhattacharya, A. Das, D. Ghoshal, Cryst. Growth Des. 2016, 16, 1162-1167

Z. H. Rada, H. R. Abid, H. Sun, S. Wang, J. Chem. Eng. Data 2015, 60, 2152-2161

A. Khutia, C. Janiak, Dalton Trans. 2014, 43, 1338-1347

H. Reinsch, S. Waitschata, N. Stock, Dalton Trans. 2013, 42, 4840-4847

S. Biswas, T. Ahnfeldt, N. Stock, Inorg. Chem. 2011, 50, 9518-9526

J. Sim, H. Yim, N. Ko, S. B. Choi, Y. Oh, H. J. Park, S. Y. Park, J. Kim, Dalton Trans. 2014, 43, 18017-18024
J.-P. Zhang, Y.-B. Zhang, J.-B. Lin, X.-M. Chen, Chem. Rev. 2012, 112, 1001-1033

C. Pettinari, A. Tabacaru, S. Galli, Coord. Chem. Rev. 2016, 307, 1-31

V. Colombo, C. Montoro, A. Maspero, G. Palmisano, N. Masciocchi, S. Galli, E. Barea, J. A. R. Navarro, J. Am.
Chem. Soc. 2012, 134, 12830-12843

V. Colombo, S. Galli, H. J. Choi, G. D. Han, A. Maspero, G. Palmisano, N. Masciocchi, J. R. Long, Chem. Sci. 2011,
2,1311-1319

N. Masciocchi, S. Galli, V. Colombo, A. Maspero, G. Palmisano, B. Seyyedi, C. Lamberti, S. Bordiga, J. Am. Chem.
Soc. 2010, 132, 7902-7904

S. Galli, N. Masciocchi, V. Colombo, A. Maspero, G. Palmisano, F. ). Ldpez-Garzédn, M. Domingo-Garcia, |.
Fernandez-Morales, E. Barea, J. A. R. Navarro, Chem. Mater. 2010, 22, 1664-1672

Z. R. Herm, B. M. Wiers, J. A. Mason, J. M. van Baten, M. R. Hudson, P. Zajdel, C. M. Brown, N. Masciocchi, R.
Krishna, J. R. Long, Science 2013, 340, 960-964

F. Salles, G. Maurin, C. Serre, P. L. Llewellyn, C. Knofel, H. J. Choi, Y. Filinchuk, L. Oliviero, A. Vimont, J. R. Long,
G. Férey, J. Am. Chem. Soc. 2010, 132, 13782-13788

J. P. Zhang, S. Kitagawa, J. Am. Chem. Soc. 2008, 130, 907-917

K. S. Park, Z. Ni, A. P. C6té, J. Y. Choi, R. Huang, F. J. Uribe-Romo, H. K. Chae, M. O'Keeffe, O. M. Yaghi, Proc.
Natl. Acad. Sci. USA 2006, 103, 10186-10191

M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Wachter, M. O'Keeffe, O. M. Yaghi, Science 2002, 295, 469-472

C. Pettinari, A. Tabacaru, |. Boldog, K. V. Domasevitch, S. Galli, N. Masciocchi, Inorg. Chem. 2012, 51,
5235-5245

A. Tabacaru, C. Pettinari, I. Timokhin, F. Marchetti, F. Carrasco-Marin, F. J. Maldonado-Hédar, S. Galli, N.
Masciocchi, Cryst. Growth Des. 2013, 13, 3087-3097

N. Mosca, R. Vismara, J. A. Fernandes, S. Casassa, K. V. Domasevich, E. Bailén-Garcia, F. J. Maldonado-Hddar, C.
Pettinari, S. Galli, Cryst. Growth Des. 2017, 17, 3854-3867

H.J. Choi, M. Dinca, J. R. Long, J. Am. Chem. Soc. 2008, 130, 7848-7850

V. A. Blatov, A. P. Shevchenko, D. M. Proserpio, Cryst. Growth Des. 2014, 14, 3576-3586

Empty volume was estimated with the software PLATON (A. L. Spek, Acta Crystallogr. Sect. D 2009, 65,
148-155) on an ordered model (built, respectively, in C2/c for Co-BPZNO-DMF and Zn-BPZNO-DMF and in P2/m
for Cu-BPZNO-DMF) after removal of the clathrated solvent, supposing that the nitro group protrudes into the

channels. In parenthesis, the empty volume calculated assuming that the nitro group is coplanar to the
skeleton of the ligand

Pore volume was calculated from the ambient conditions empty volume, supposing that the nitro group
protrudes into the channels. In parenthesis, the empty volume calculated assuming that the nitro group is
coplanar to the skeleton of the ligand



[42]
[43]
[44]
[45]

[46]

[47]
(48]
[49]
(50]
[51]
[52]
[53]

[54]
[55]

[56]
[57]
(58]
[59]

[60]
[61]

[62]
[63]
[64]

[65]

[66]

[67]
[68]
[69]
[70]

[71]

[72]
(73]
[74]

[75]

F. Millange, C. Serre, G. Férey, Chem. Commun. 2002, 822-823
A. Demessence, J. R. Long, Chem. Eur. ). 2010, 16, 5902-5908
M. Dinca, A. F. Yu, J. R. Long, J. Am. Chem. Soc. 2006, 128, 8904-8913

M. Kandiah, M. H. Nilsen, S. Usseglio, S. Jakobsen, U. Olsbye, M. Tilset, C. Larabi, E. A. Quadrelli, F. Bonino, K. P.
Lillerud, Chem. Mater. 2010, 22, 6632-6640

S. Galli, A. Maspero, C. Giacobbe, G. Palmisano, L. Nardo, A. Comotti, I. Bassanetti, P. Sozzani, N. Masciocchi, J.
Mater. Chem. A 2014, 2, 12208-12221

E. J. Beckman, Chem. Commun. 2004, 1885-1888

L. Li, J. Yang, J. Li, Y. Chen, J. Li, Microporous Mesoporous Mater. 2014, 198, 236-246

L. Ding, A. O. Yazaydin, Phys. Chem. Chem. Phys. 2013, 15, 11856-11861

J. Yu, L.-H. Xie, J.-R. Li, Y. Ma, J. M. Seminario, P. B. Balbuena, Chem. Rev. 2017, 117, 9674-9754

B. Sreenivasulu, . Sreedhar, P. Suresh, K. V. Raghavan, Catal. Sci. Technol. 2015, 49, 12641-12661
B. Bhattacharya, D. Ghoshal, CrystEngComm 2015, 17, 8388-8413

Y. Lu, M. Tonigold, B. Bredenkdtter, D. Volkmer, J. Hitzbleck, G. Langstein, Z. Anorg. Allg. Chem. 2008, 634,
2411-2417

G. Férey, C. Serre, Chem. Soc. Rev. 2009, 38, 1380-1399

R. Vaidhyanathan, S. S. Iremonger, G. K. H. Shimizu, P. G. Boyd, S. Alavi, T. K. Woo, Science 2010, 330,
650-653

I. Boldog, A. N. Chernega, J. Sieler, K. V. Domasevitch, Inorg. Chim. Acta 2002, 338, 69-77
A. A. Coelho, J. Appl. Crystallogr. 2003, 36, 86-95
A. A. Coelho, TOPAS-Academic V6, 2016, http://www.topas-academic.net

Bond lengths and angles for the rigid body describing the ligand: C—C and C—N of the pyrazole ring 1.36 A;
exocyclic C—C 1.40 A; C—H of the pyrazole ring 0.95 A; C~NNO2 1.40 A; N-0 1.23 A; pyrazole ring internal and
external bond angles 108 and 126°, respectively; angles at the nitrogen atom of the nitro group 120°. Bond
lengths and angles for the rigid body describing the solvent: C—N 1.45 A; C—H 0.95 A; C=0 1.25 A; angles at
the nitrogen and amidic carbon atoms 120°; angles at the carbon atoms of the methyl groups 109.5°

A. A. Coelho, J. Appl. Crystallogr. 2000, 33, 899-908

Refined bond lengths in the final stages of Rietveld refinements: C—C 1.40-1.45 A, C—C and C—N of the
pyrazole ring 1.32-1.38 A

See: http://topas.dur.ac.uk/topaswiki/doku.php?id=background_straight_line_segments
R. W. Cheary, A. A. Coelho, J. Appl. Crystallogr. 1992, 25, 109-121

J. A. Mason, J. Oktawiec, M. K. Taylor, M. R. Hudson, J. Rodriguez, J. E. Bachman, M. |. Gonzalez, A. Cervellino, A.
Guagliardi, C. M. Brown, P. L. Llewellyn, N. Masciocchi, J. R. Long, Nature 2015, 527, 357-361

When comparing the TGA and VT-PXRD results, the reader must be aware of the fact that the thermocouple of
the VT-PXRD setup is not in direct contact with the sample. Consequently, a slight difference in the
temperature at which the same event is detected by the two techniques is unavoidable. The TGA temperatures
are more reliable

X. Zhu, S. M. Mahurin, S.-H. An, C.-L. Do-Thanh, C. Tian, Y. Li, L. W. Gill, E. W. Hagaman, Z. Bian, J.-H. Zhou, J.
Hu, H. Liu, S. Dai, Chem. Commun. 2014, 50, 7933-7936

X. Zhu, C. Tian, G. M. Veith, C. W. Abney, J. Dehaudst, S. Dai, J. Am. Chem. Soc. 2016, 138, 11497-11500
J. Schell, N. Casas, R. Pini, M. Mazzotti, Adsorption 2012, 18, 49-65
M. Brunelli, A. N. Fitch, J. Synchrotron Radiat. 2003, 10, 337-339

To build up the rigid body modelling CO2, the following bond distances and angles were adopted: C=0, 1.21 A;
0=C=0, 180°

A. K. Rappe, C. ). Casewit, K. S. Colwell, W. A. Goddard Ill, W. M. Skiff, . Am. Chem. Soc. 1992, 114,
10024-10035

J. J. Potoff, J. I. Siepmann, AIChe J. 2001, 47, 1676-1682
Materials Studio 5.0, Accelrys Software Inc., San Diego, 2009

D. Fairen-Jimenez, Y. ]. Colon, O. K. Farha, Y.-S. Bae, J. T. Hupp, R. Q. Snurr, Chem. Commun. 2012, 48,
10496-10498

W. Bury, D. Fairen-Jimenez, M. B. Lalonde, R. Q. Snurr, O. K. Farha, J. T. Hupp, Chem. Mater. 2013, 25, 739-744



