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Abstract: Chemically highly stable MOFs incorporating
multiple functionalities are of great interest for applications
under harsh environments. Herein, we presented a facile one-
pot synthetic strategy to incorporate multiple functionalities
into stable Zr-MOFs from mixed ligands of different geometry
and connectivity. Via our strategy, tetratopic tetrakis(4-carbox-
yphenyl)porphyrin (TCPP) ligands were successfully inte-
grated into UiO-66 while maintaining the crystal structure,
morphology, and ultrahigh chemical stability of UiO-66. The
amount of incorporated TCPP is controllable. Through
various combinations of BDC derivatives and TCPP,
49 MOFs with multiple functionalities were obtained. Among
them, MOFs modified with FeTCPPCl were demonstrated to
be catalytically active for the oxidation of ABTS. We anticipate
our strategy to provide a facile route to introduce multiple
functionalities into stable Zr-MOFs for a wide variety of
potential applications.

Integrating multi-functionality into metal–organic frame-
works (MOFs) has attracted growing attention as it plays
a critical role in realizing the potential of MOFs for a wide
range of applications.[1] To date, tremendous efforts have been
made to develop strategies to incorporate multiple function-
alities into MOFs.[2] Among them, mixed-ligand strategies
have been extensively studied owing to the straightforward
synthesis and preservation of the structural integrity of
MOFs.[3] Remarkably, Yaghi and co-workers reported the
synthesis of multifunctional MOFs, so-called multivariate
(MTV)-MOFs by mixing ligands and successfully introduced
up to eight functionalities into MOF-5.[4] However, mixed-
ligand strategies generally require the use of ligands of the
same geometry and connectivity (e.g. ligand derivatives) that
are “indistinguishable” during the formation of MOFs to
prevent generating mixed phases, which greatly limits the

variety of ligand and functionality that can be incorporated
into the MOF. In addition to the functionality, the excellent
stability is another prerequisite for practical applications of
MOFs, especially for those under harsh conditions, in order to
guarantee the integrity of the framework. Although there
have been a few reported examples of MOFs containing
mixed ligands of different symmetry and connectivity, those
MOFs are mostly based on M2+ metal species, which suffer
from poor stability under harsh chemical conditions and thus
their applications are severely restricted. Herein, we show
that through one-pot thermodynamically controlled synthesis,
multiple functionalities can be integrated into a Zr-MOF
without forming separate domains even when mixing ligands
of different size, symmetry, and connectivity. The multi-
functionalized Zr-MOFs obtained maintain the crystal struc-
ture, morphology, and stability of the parent MOF. Owing to
the excellent stability of the parent MOF, our multi-function-
alized Zr-MOFs exhibit high stability under harsh chemical
environments. Therefore, our strategy goes beyond the limit
of conventional mixed-ligand strategies and expands the
diversity of functionality for stable MOFs modification,
holding great potentials for exploring the applications of
MOFs extensively.

In recent years, Zr-MOFs have been intensively inves-
tigated owing to their considerably improved stability com-
pared to common Zn/Cu/Cd-based MOFs.[5] The versatile
symmetry and connectivity of the Zr6 cluster make it
compatible with many different kinds of organic ligands to
form MOFs. However, the overwhelming majority of the
reported Zr-MOFs obtained via de novo synthesis contain
a single organic ligand, which is unfavorable for the incorpo-
ration of multi-functionality due to the limited modifiable
sites. Despite of the topological feasibility, when a Zr-MOF
can be constructed from a single organic ligand, it is very
difficult to introduce a secondary ligand with different
topology through one-pot synthesis unless the mixed-ligand
product is thermodynamically highly preferred. So far, direct
synthesis of Zr-MOFs from mixed ligands of different
geometry or connectivity remains challenging.

As an archetype of Zr-MOF, UiO-66 is constructed from
Zr6 clusters and commercially available 1,4-benzenedicarbox-
ylate (BDC), which has a decomposition temperature above
500 88C and maintains good crystallinity under harsh chemical
conditions and high external pressures.[5a, 6] Ideally, UiO-66
has a 2,12-connected network with fcu-a topology, the high
connectivity of which allows for several sub-networks (e.g.
bcu-a, reo-a, and hxg-a network[7]) or highly defected frame-
works[8] upon connectivity reduction. Moreover, accompa-
nied with the reduced connectivity, available coordination
sites on Zr6 clusters can be generated, which is favorable for
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incorporating other functional moieties. Therefore,
these features provide great possibilities for UiO-
66 to tolerate diverse ligands of different topology
and functionality, which makes UiO-66 a promising
candidate to implement our strategy to incorporate
multi-functionalities into stable MOFs.

Herein, we show that tetratopic porphyrin
ligands can be incorporated, rather than simply
encapsulated,[9] into UiO-66 through one-pot syn-
thesis, which is of great significance due to combi-
nation of desired functionality and exceptional
stability of the MOF (Figure 1). Porphyrins possess
versatile functional properties that have been
extensively exploited in both natural and artificial
systems for various vital processes.[10] During the
last two decades, tremendous efforts have been
made to explore the potential of porphyrins
towards practical applications including biomimet-
ic catalysis,[11] sensors,[12] and solar cells[13] taking
advantage of their ultrastability, ease of synthesis,
and possibility of modifying physical and chemical

properties at the molecular level. In particular, immobiliza-
tion of porphyrins on MOFs is of great value in such
applications since MOFs can prevent porphyrins from
aggregation and formation of catalytically inactive dimers,
thus enhancing the lifetime of porphyrin catalysts.[3d, 14]

Initially, solvothermal reactions of ZrCl4, BDC,
[5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]nickel(II)
(NiTCPP), and benzoic acid (BA) in DMF yielded red
powders of NiTCPP�UiO-66 (Supporting Information, Sec-
tion S2). The products remained red after washing with DMF
and acetone (Figure 2a), implying the presence of NiTCPP,
and displayed powder X-ray diffraction (PXRD) patterns
consistent with that of phase-pure UiO-66 (Figure 2b). Phase
purity was also confirmed by scanning electron microscopy
(SEM), which showed that the powders were octahedral
microcrystals with an even distribution in size (Figure 2c).
The elemental mappings of a single crystal obtained from
energy dispersive X-ray spectroscopy (EDS) demonstrated an
even distribution of all the elements, especially Ni and Zr
(Figure 2d), implying the integration of NiTCPP into the
framework.

To understand the chemistry behind our approach, we
attempted to explain our experimental results from both
thermodynamic and kinetic perspectives. Under our synthetic

conditions, the nucleation of UiO-66 is probably dominating
due to much higher concentration of BDC than NiTCPP
(Figure S66). However, as NiTCPP also exists in the system, it
can competitively coordinate to the Zr6 cluster during the
nucleation process of UiO-66 and therefore participate in its
growing process. Owing to high symmetry and connectivity of
Zr6 cluster, UiO-66 can still preserve its three-dimensional
(3D) framework even when the coordination sites of Zr6

cluster is partially occupied by NiTCPP to create some
defects in the 3D space. On the other hand, owing to much
lower concentration of NiTCPP in the system, the initial
nucleation process of possible impurity phases will take
longer time. Whereas faster nucleation of UiO-66 consumes
Zr continuously and further inhibits the formation of
porphyrin-based MOFs. Consequently, phase-pure UiO-66
can be obtained with NiTCPP participating in the coordina-
tion to Zr6 clusters.

EDS and 1H NMR analyses were performed to quantify
the amount of incorporated NiTCPP (Supporting Informa-
tion, Section S10 and S11). As shown in Figure 3a, the
amount of NiTCPP incorporated into UiO-66 can be grad-
ually tuned by varying the synthetic condition (Section S8),
which provides another dimension for optimizing the perfor-
mance of installed functional moiety where its concentration
matters. It is notable that impurity phase began to form when
NiTCPP increased up to 20 mg (0.024 mmol; Figure S37),
which suggests “saturation” of NiTCPP in the framework and
reveals that UiO-66 has certain tolerance for NiTCPP ligands.

Since the parent MOF UiO-66 exhibits excellent chemical
stability, we expect that NiTCPP�UiO-66 shows similar
stability. To carry out the stability test, we immersed the
sample in aqueous solutions with different conditions for 12 h
(Section S7). The solutions stayed colorless after these treat-
ments, suggesting no leaching of NiTCPP. In addition, the
PXRD patterns (Figure 3b) indicated that no framework
collapse or phase transition occurred during the experiment.
N2 adsorption isotherms (Figure S33) showed that the poros-
ity was preserved. These results confirmed that NiTCP-
P�UiO-66 maintained the stability of UiO-66 after incorpo-

Figure 1. Schematic illustration of UiO-66 incorporating TCPP (red) as
well as the usual Zr6 cluster (blue). Yellow sphere indicates the pore
cavity.

Figure 2. a) Photographs of UiO-66 and NiTCPP�UiO-66. b) The PXRD patterns for
UiO-66 and NiTCPP�UiO-66. c) Representative SEM image of NiTCPP�UiO-66.
Scale bar: 5 mm. d) SEM image of NiTCPP�UiO-66 single crystal and correspond-
ing EDS-mappings of Ni, Zr, C, N, O from left to right.
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ration of porphyrin ligand, which is promising for porphyrin-
related applications. To further demonstrate the advantages
of our strategy, we tested the chemical stability of two
representative porphyrin MOFs, namely PCN-222 and PPF-5.
For pillared-layer PPF-5, a secondary functionality can be
readily introduced through pillars, which makes PPF-5
a handy platform to explore the advanced applications of
porphyrin species.[3b] On the other hand, catalytically active
PCN-222 contains single porphyrinic linker and exhibits
relatively high chemical stability.[15] However, the PXRD
patterns demonstrated loss of crystallinity after immersing
PPF-5 in 0.1 mm NaOH and PCN-222 in 1 mm NaOH for 12 h,
respectively (Figure S35). In contrast, NiTCPP�UiO-66 was
stable under these conditions. Consequently, our strategy
provides a facile route to introduce desired functionality into
stable MOFs, which can extensively promote the potential of
MOFs for practical applications.

We designed several control experiments to demonstrate
that NiTCPP is not only attached on the outer surface of UiO-
66 and to differentiate our strategy from post-synthetic
modification (PSM) of the available coordination sites of
Zr6 clusters.[16] Firstly, we synthesized UiO-66 under the same
conditions as NiTCPP�UiO-66 in the absence of NiTCPP.
Then UiO-66 was mixed together with NiTCPP (10 mg,
0.012 mmol) in 10 mL DMF and stirred at room temperature
and 85 88C, respectively. After 12 h, the products were
thoroughly washed to remove remaining NiTCPP. The
obtained powders both showed very light pink color despite
of varied reaction temperature (Figure 4a). 1H NMR spectra
of the digested products did not show the resonance signals of
NiTCPP (Figure S49), suggesting that the light pink color
results from the attachment of NiTCPP on the outer surface
of UiO-66. The PXRD patterns of these powders were

identical to that of UiO-66 (Figure S48), demonstrating that
the framework was well preserved during this post-synthetic
modification process and excluding the possibility that
integration of NiTCPP was hampered by the collapse of
internal framework. Compared with the post-synthetic modi-
fication approach, our method involves incorporation of
NiTCPP during the growth of UiO-66, which largely avoids
the size limitation imposed by the pore windows in UiO-66 on
NiTCPP diffusion during the post-synthetic modification
process (Figure S50). Moreover, once NiTCPP is incorpo-
rated, the small pore windows of UiO-66 will in turn prohibit
its leaking, much like a “ship-in-a-bottle”.

To address the issue that in which ways NiTCPP
incorporates into the framework, either through coordination
to the Zr6 clusters or just purely trapped in the pore,[9] we
firstly replaced NiTCPP with tetrakis(4-bromophenyl)por-
phyrin (TBPP). White powders were obtained (Figure 4b)
and characterized (Section S12). Although the size of TBPP is
similar to NiTCPP, the difficulty in incorporating TBPP limits
the possibility that NiTCPP is purely trapped in the pore,
suggesting that carboxylates on NiTCPP participated the
coordination during UiO-66 formation. However, when we
used another carboxylate-containing porphyrin species, PP,
the amount of incorporated PP is almost negligible. We
reasoned that this is because two carboxylates of PP are too
close for PP to serve as a bridging ligand. Therefore, PP tends
to act similar to the monotopic modulating reagent (BA)
during MOF formation. As a result, PP will be easily
substituted by BDC even if it can coordinate to Zr6 cluster
during the nucleation process, which makes integration of PP

Figure 3. a) Ni to Zr atomic ratio in NiTCPP�UiO-66 with different
amounts of initial NiTCPP ligand. b) The PXRD patterns for NiTCP-
P�UiO-66 after treatment with different aqueous solutions.

Figure 4. a) Photographs of the products obtained after stirring UiO-
66 and NiTCPP in DMF for 12 h i) at room temperature and ii) at
85 88C. iii) Photographs of NiTCPP�UiO-66. b) Photographs of i) NiTCP-
P�UiO-66, ii) TBPP�UiO-66, and iii) PP�UiO-66.
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through metal-ligand-fragment co-
assembly[17] unattainable (Figure 4b).
To exclude the possibility that incorpo-
ration of PP is impeded by higher pKa of
carboxylic acid, we adopted monotopic
4-bromobenzoic acid (BBA) that exhib-
its similar pKa to NiTCPP. The results
indicated that integration of BBA is
unsuccessful (Section S12), suggesting
that incorporation of multitopic linker
is favored and possibly there is more
than one carboxylate participating in
the coordination to Zr6 cluster. These
experiments demonstrated that the
number of carboxylic groups plays
a vital role in integrating NiTCPP into
UiO-66, very likely through coordina-
tion to more than one Zr6 cluster during
the synthesis, generating defects and
larger pores to allow the residence of
NiTCPP in the framework.

To introduce a secondary function-
ality, we replaced BDC with NH2-BDC
since MOFs with amino groups exhibit
many attractive features.[18] Moreover,
amino groups can undergo a wide vari-
ety of chemical transformations, which
is useful for further adjusting chemical
functionality of the MOF.[19] NiTCP-
P�UiO-66-NH2 was synthesized and
characterized (Supporting Informa-
tion). The product was stable in aqueous solutions with
conditions ranging from 6m HCl to 10 mm NaOH (Sec-
tion S7). One major advantage of MOFs over other conven-
tional porous materials is the synthetic versatility from the
design of diverse ligands. With that in mind, we sought to
incorporate a broad scope of functionalities into the MOF
through BDC and TCPP moieties (Figure 5 e). BDC modified
with hydroxy group, methyl group, sulfonic group, carboxy
group, and azide group were selected because of their
importance in adjusting the properties of MOFs.[20] Moreover,
MOFs with these groups can be easily modified with addi-
tional functionality.[21] A series of multi-functionalized MOFs
were obtained through various combinations of BDC deriv-
atives and TCPP, including X�UiO-66-NH2, X�UiO-66-2,5-
(OH)2, X�UiO-66-2,5-(CH3)2, X�UiO-66-SO3H, X�UiO-
66-2,5-(COOH)2, and X�UiO-66-N3 (X = NiTCPP,
FeTCPPCl, MnTCPPCl, CuTCPP, H2TCPP, ZnTCPP, and
CoTCPP) (Figure 5a,b, and Section S14). The PXRD pat-
terns of these products were identical to that of UiO-66
(Figure 5c,d and Section S3). Compared to UiO-66, MOFs
modified with FeTCPPCl showed high catalytic activity for
the oxidation of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sul-
fonic acid) (ABTS) in the presence of H2O2, indicating the
preservation of the functionality of TCPP species (Sec-
tion S15). These results suggested that our strategy is
promising to introduce multi-functionalities into stable
MOFs by one-pot synthesis for a wide variety of applications.

In summary, we reported a facile one-pot synthetic
strategy to incorporate multi-functionalities into stable Zr-
MOFs through mixing ligands of different geometry and
connectivity. Tetratopic TCPP ligands were successfully
integrated into UiO-66, and the crystal structure, morphology,
and stability of UiO-66 were well preserved, which is
unachievable by post-synthetic modification or conventional
mixed-ligand approaches. The amount of integrated TCPP is
tunable. Through combinations of BDC derivatives and
TCPP ligands, 49 MOFs with multi-functionalities were
obtained. Combining the advantages of framework robust-
ness and facile functionalization that allow further chemistry
to be explored within the framework, we expect our strategy
to provide a facile route to introduce multi-functionalities for
an extensive variety of potential applications.
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representative multifunctional porphyrin�UiO-66. e) Chemical structures of selected i) BDC
derivatives and ii) TCPP ligands.

Angewandte
ChemieZuschriften

6584 www.angewandte.de Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2016, 128, 6581 –6585

http://www.angewandte.de


Keywords: MOFs · multiple functionalities · one-pot synthesis ·
porphyrins · zirconium

How to cite: Angew. Chem. Int. Ed. 2016, 55, 6471–6475
Angew. Chem. 2016, 128, 6581–6585

[1] a) M. D. Allendorf, C. A. Bauer, R. K. Bhakta, R. J. T. Houk,
Chem. Soc. Rev. 2009, 38, 1330; b) D.-Y. Hong, Y. K. Hwang, C.
Serre, G. F¦rey, J.-S. Chang, Adv. Funct. Mater. 2009, 19, 1537;
c) K. Sumida, D. L. Rogow, J. A. Mason, T. M. McDonald, E. D.
Bloch, Z. R. Herm, T.-H. Bae, J. R. Long, Chem. Rev. 2012, 112,
724; d) H. Furukawa, K. E. Cordova, M. OÏKeeffe, O. M. Yaghi,
Science 2013, 341, 1230444; e) W. Lu, Z. Wei, Z.-Y. Gu, T.-F. Liu,
J. Park, J. Park, J. Tian, M. Zhang, Q. Zhang, T. Gentle Iii, M.
Bosch, H.-C. Zhou, Chem. Soc. Rev. 2014, 43, 5561; f) T. Zhang,
W. Lin, Chem. Soc. Rev. 2014, 43, 5982.

[2] a) Z. Wang, S. M. Cohen, Chem. Soc. Rev. 2009, 38, 1315; b) P.
Deria, J. E. Mondloch, O. Karagiaridi, W. Bury, J. T. Hupp, O. K.
Farha, Chem. Soc. Rev. 2014, 43, 5896; c) J. D. Evans, C. J.
Sumby, C. J. Doonan, Chem. Soc. Rev. 2014, 43, 5933; d) P. Silva,
S. M. F. Vilela, J. P. C. Tome, F. A. Almeida Paz, Chem. Soc. Rev.
2015, 44, 6774.

[3] a) Y.-S. Bae, K. L. Mulfort, H. Frost, P. Ryan, S. Punnathanam,
L. J. Broadbelt, J. T. Hupp, R. Q. Snurr, Langmuir 2008, 24,
8592; b) E.-Y. Choi, P. M. Barron, R. W. Novotny, H.-T. Son, C.
Hu, W. Choe, Inorg. Chem. 2009, 48, 426; c) A. D. Burrows,
CrystEngComm 2011, 13, 3623; d) C. Y. Lee, O. K. Farha, B. J.
Hong, A. A. Sarjeant, S. T. Nguyen, J. T. Hupp, J. Am. Chem.
Soc. 2011, 133, 15858; e) C. Wang, Z. Xie, K. E. deKrafft, W. Lin,
J. Am. Chem. Soc. 2011, 133, 13445; f) T. Lescouet, E. Kockrick,
G. Bergeret, M. Pera-Titus, S. Aguado, D. Farrusseng, J. Mater.
Chem. 2012, 22, 10287; g) S. M. Chavan, G. C. Shearer, S. Svelle,
U. Olsbye, F. Bonino, J. Ethiraj, K. P. Lillerud, S. Bordiga, Inorg.
Chem. 2014, 53, 9509; h) H. Furukawa, U. Mîller, O. M. Yaghi,
Angew. Chem. Int. Ed. 2015, 54, 3417; Angew. Chem. 2015, 127,
3480.

[4] H. Deng, C. J. Doonan, H. Furukawa, R. B. Ferreira, J. Towne,
C. B. Knobler, B. Wang, O. M. Yaghi, Science 2010, 327, 846.

[5] a) J. H. Cavka, S. Jakobsen, U. Olsbye, N. Guillou, C. Lamberti,
S. Bordiga, K. P. Lillerud, J. Am. Chem. Soc. 2008, 130, 13850;
b) A. Schaate, P. Roy, A. Godt, J. Lippke, F. Waltz, M. Wiebcke,
P. Behrens, Chem. Eur. J. 2011, 17, 6643; c) A. Schaate, P. Roy, T.
Preuße, S. J. Lohmeier, A. Godt, P. Behrens, Chem. Eur. J. 2011,
17, 9320; d) V. Bon, V. Senkovskyy, I. Senkovska, S. Kaskel,
Chem. Commun. 2012, 48, 8407; e) V. Guillerm, F. Ragon, M.
Dan-Hardi, T. Devic, M. Vishnuvarthan, B. Campo, A. Vimont,
G. Clet, Q. Yang, G. Maurin, G. F¦rey, A. Vittadini, S. Gross, C.
Serre, Angew. Chem. Int. Ed. 2012, 51, 9267; Angew. Chem. 2012,
124, 9401; f) W. Morris, B. Volosskiy, S. Demir, F. G�ndara, P. L.
McGrier, H. Furukawa, D. Cascio, J. F. Stoddart, O. M. Yaghi,
Inorg. Chem. 2012, 51, 6443; g) D. Feng, H.-L. Jiang, Y.-P. Chen,
Z.-Y. Gu, Z. Wei, H.-C. Zhou, Inorg. Chem. 2013, 52, 12661.

[6] a) 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; b) L. Valenzano, B. Civalleri, S.
Chavan, S. Bordiga, M. H. Nilsen, S. Jakobsen, K. P. Lillerud, C.
Lamberti, Chem. Mater. 2011, 23, 1700.

[7] O. Delgado Friedrichs, M. OÏKeeffe, O. M. Yaghi, Acta Crystal-
logr. Sect. A 2003, 59, 515.

[8] a) H. Wu, Y. S. Chua, V. Krungleviciute, M. Tyagi, P. Chen, T.
Yildirim, W. Zhou, J. Am. Chem. Soc. 2013, 135, 10525; b) M. J.
Cliffe, W. Wan, X. Zou, P. A. Chater, A. K. Kleppe, M. G.
Tucker, H. Wilhelm, N. P. Funnell, F.-X. Coudert, A. L. Good-
win, Nat. Commun. 2014, 5, 4176; c) G. C. Shearer, S. Chavan, J.
Ethiraj, J. G. Vitillo, S. Svelle, U. Olsbye, C. Lamberti, S.
Bordiga, K. P. Lillerud, Chem. Mater. 2014, 26, 4068.

[9] Z. Zhang, L. Zhang, L. Wojtas, M. Eddaoudi, M. J. Zaworotko, J.
Am. Chem. Soc. 2012, 134, 928.

[10] W. Auw�rter, D. Êcija„ F. Klappenberger, J. V. Barth, Nat.
Chem. 2015, 7, 105.

[11] a) D. Astruc, Nat. Chem. 2012, 4, 255; b) H. Wei, E. Wang,
Chem. Soc. Rev. 2013, 42, 6060; c) M. Zhao, S. Ou, C.-D. Wu,
Acc. Chem. Res. 2014, 47, 1199.

[12] a) M. I. J. Stich, L. H. Fischer, O. S. Wolfbeis, Chem. Soc. Rev.
2010, 39, 3102; b) C. Wolf, K. W. Bentley, Chem. Soc. Rev. 2013,
42, 5408; c) Y. Ding, Y. Tang, W. Zhu, Y. Xie, Chem. Soc. Rev.
2015, 44, 1101.

[13] a) D. Gust, T. A. Moore, A. L. Moore, Acc. Chem. Res. 2009, 42,
1890; b) H. Imahori, T. Umeyama, S. Ito, Acc. Chem. Res. 2009,
42, 1809; c) L.-L. Li, E. W.-G. Diau, Chem. Soc. Rev. 2013, 42,
291; d) M. Urbani, M. Gr�tzel, M. K. Nazeeruddin, T. Torres,
Chem. Rev. 2014, 114, 12330.

[14] a) H.-J. Son, S. Jin, S. Patwardhan, S. J. Wezenberg, N. C. Jeong,
M. So, C. E. Wilmer, A. A. Sarjeant, G. C. Schatz, R. Q. Snurr,
O. K. Farha, G. P. Wiederrecht, J. T. Hupp, J. Am. Chem. Soc.
2013, 135, 862; b) M.-H. Xie, X.-L. Yang, Y. He, J. Zhang, B.
Chen, C.-D. Wu, Chem. Eur. J. 2013, 19, 14316; c) K. Lu, C. He,
W. Lin, J. Am. Chem. Soc. 2014, 136, 16712.

[15] D. Feng, Z.-Y. Gu, J.-R. Li, H.-L. Jiang, Z. Wei, H.-C. Zhou,
Angew. Chem. Int. Ed. 2012, 51, 10307; Angew. Chem. 2012, 124,
10453.

[16] a) P. Deria, W. Bury, J. T. Hupp, O. K. Farha, Chem. Commun.
2014, 50, 1965; b) P. Deria, W. Bury, I. Hod, C.-W. Kung, O.
Karagiaridi, J. T. Hupp, O. K. Farha, Inorg. Chem. 2015, 54, 2185;
c) D. Feng, K. Wang, J. Su, T.-F. Liu, J. Park, Z. Wei, M. Bosch,
A. Yakovenko, X. Zou, H.-C. Zhou, Angew. Chem. Int. Ed. 2015,
54, 149; Angew. Chem. 2015, 127, 151.

[17] J. Park, Z. U. Wang, L.-B. Sun, Y.-P. Chen, H.-C. Zhou, J. Am.
Chem. Soc. 2012, 134, 20110.

[18] a) B. Arstad, H. Fjellv�g, K. Kongshaug, O. Swang, R. Blom,
Adsorption 2008, 14, 755; b) R. Banerjee, H. Furukawa, D. Britt,
C. Knobler, M. OÏKeeffe, O. M. Yaghi, J. Am. Chem. Soc. 2009,
131, 3875; c) S. Couck, J. F. M. Denayer, G. V. Baron, T. R¦my, J.
Gascon, F. Kapteijn, J. Am. Chem. Soc. 2009, 131, 6326; d) X. Si,
C. Jiao, F. Li, J. Zhang, S. Wang, S. Liu, Z. Li, L. Sun, F. Xu, Z.
Gabelica, C. Schick, Energy Environ. Sci. 2011, 4, 4522.

[19] a) S. J. Garibay, S. M. Cohen, Chem. Commun. 2010, 46, 7700;
b) M. Savonnet, D. Bazer-Bachi, N. Bats, J. Perez-Pellitero, E.
Jeanneau, V. Lecocq, C. Pinel, D. Farrusseng, J. Am. Chem. Soc.
2010, 132, 4518.

[20] a) V. Finsy, L. Ma, L. Alaerts, D. E. De Vos, G. V. Baron, J. F. M.
Denayer, Microporous Mesoporous Mater. 2009, 120, 221; b) B.
Xiao, P. J. Byrne, P. S. Wheatley, D. S. Wragg, X. Zhao, A. J.
Fletcher, K. M. Thomas, L. Peters, S. O. EvansJohn, J. E.
Warren, W. Zhou, R. E. Morris, Nat. Chem. 2009, 1, 289; c) J.
Yang, A. Grzech, F. M. Mulder, T. J. Dingemans, Chem.
Commun. 2011, 47, 5244; d) I. Spanopoulos, P. Xydias, C. D.
Malliakas, P. N. Trikalitis, Inorg. Chem. 2013, 52, 855; e) J. Chen,
K. Li, L. Chen, R. Liu, X. Huang, D. Ye, Green Chem. 2014, 16,
2490; f) Y.-X. Zhou, Y.-Z. Chen, Y. Hu, G. Huang, S.-H. Yu, H.-
L. Jiang, Chem. Eur. J. 2014, 20, 14976; g) W. J. Phang, H. Jo,
W. R. Lee, J. H. Song, K. Yoo, B. Kim, C. S. Hong, Angew. Chem.
Int. Ed. 2015, 54, 5142; Angew. Chem. 2015, 127, 5231.

[21] a) Y. Goto, H. Sato, S. Shinkai, K. Sada, J. Am. Chem. Soc. 2008,
130, 14354; b) T. Gadzikwa, O. K. Farha, C. D. Malliakas, M. G.
Kanatzidis, J. T. Hupp, S. T. Nguyen, J. Am. Chem. Soc. 2009,
131, 13613; c) C. Liu, T. Li, N. L. Rosi, J. Am. Chem. Soc. 2012,
134, 18886.

Received: March 4, 2016
Published online: April 21, 2016

Angewandte
ChemieZuschriften

6585Angew. Chem. 2016, 128, 6581 –6585 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1039/b802352m
http://dx.doi.org/10.1002/adfm.200801130
http://dx.doi.org/10.1021/cr2003272
http://dx.doi.org/10.1021/cr2003272
http://dx.doi.org/10.1126/science.1230444
http://dx.doi.org/10.1039/C4CS00003J
http://dx.doi.org/10.1039/C4CS00103F
http://dx.doi.org/10.1039/b802258p
http://dx.doi.org/10.1039/C4CS00067F
http://dx.doi.org/10.1039/C4CS00076E
http://dx.doi.org/10.1039/C5CS00307E
http://dx.doi.org/10.1039/C5CS00307E
http://dx.doi.org/10.1021/la800555x
http://dx.doi.org/10.1021/la800555x
http://dx.doi.org/10.1021/ic801677y
http://dx.doi.org/10.1039/c0ce00568a
http://dx.doi.org/10.1021/ja206029a
http://dx.doi.org/10.1021/ja206029a
http://dx.doi.org/10.1021/ja203564w
http://dx.doi.org/10.1039/c2jm15966j
http://dx.doi.org/10.1039/c2jm15966j
http://dx.doi.org/10.1021/ic500607a
http://dx.doi.org/10.1021/ic500607a
http://dx.doi.org/10.1002/anie.201410252
http://dx.doi.org/10.1002/ange.201410252
http://dx.doi.org/10.1002/ange.201410252
http://dx.doi.org/10.1126/science.1181761
http://dx.doi.org/10.1021/ja8057953
http://dx.doi.org/10.1002/chem.201003211
http://dx.doi.org/10.1002/chem.201101015
http://dx.doi.org/10.1002/chem.201101015
http://dx.doi.org/10.1039/c2cc34246d
http://dx.doi.org/10.1002/anie.201204806
http://dx.doi.org/10.1002/ange.201204806
http://dx.doi.org/10.1002/ange.201204806
http://dx.doi.org/10.1021/ic300825s
http://dx.doi.org/10.1021/ic4018536
http://dx.doi.org/10.1021/cm102601v
http://dx.doi.org/10.1021/cm1022882
http://dx.doi.org/10.1107/S0108767303017100
http://dx.doi.org/10.1107/S0108767303017100
http://dx.doi.org/10.1021/ja404514r
http://dx.doi.org/10.1021/cm501859p
http://dx.doi.org/10.1021/ja208256u
http://dx.doi.org/10.1021/ja208256u
http://dx.doi.org/10.1038/nchem.2159
http://dx.doi.org/10.1038/nchem.2159
http://dx.doi.org/10.1038/nchem.1304
http://dx.doi.org/10.1039/c3cs35486e
http://dx.doi.org/10.1021/ar400265x
http://dx.doi.org/10.1039/b909635n
http://dx.doi.org/10.1039/b909635n
http://dx.doi.org/10.1039/c3cs35498a
http://dx.doi.org/10.1039/c3cs35498a
http://dx.doi.org/10.1039/C4CS00436A
http://dx.doi.org/10.1039/C4CS00436A
http://dx.doi.org/10.1021/ar900209b
http://dx.doi.org/10.1021/ar900209b
http://dx.doi.org/10.1021/ar900034t
http://dx.doi.org/10.1021/ar900034t
http://dx.doi.org/10.1039/C2CS35257E
http://dx.doi.org/10.1039/C2CS35257E
http://dx.doi.org/10.1021/cr5001964
http://dx.doi.org/10.1021/ja310596a
http://dx.doi.org/10.1021/ja310596a
http://dx.doi.org/10.1002/chem.201302025
http://dx.doi.org/10.1021/ja508679h
http://dx.doi.org/10.1002/anie.201204475
http://dx.doi.org/10.1002/ange.201204475
http://dx.doi.org/10.1002/ange.201204475
http://dx.doi.org/10.1039/c3cc48562e
http://dx.doi.org/10.1039/c3cc48562e
http://dx.doi.org/10.1021/ic502639v
http://dx.doi.org/10.1002/anie.201409334
http://dx.doi.org/10.1002/anie.201409334
http://dx.doi.org/10.1002/ange.201409334
http://dx.doi.org/10.1021/ja3085884
http://dx.doi.org/10.1021/ja3085884
http://dx.doi.org/10.1007/s10450-008-9137-6
http://dx.doi.org/10.1021/ja809459e
http://dx.doi.org/10.1021/ja809459e
http://dx.doi.org/10.1021/ja900555r
http://dx.doi.org/10.1039/c1ee01380g
http://dx.doi.org/10.1039/c0cc02990d
http://dx.doi.org/10.1021/ja909613e
http://dx.doi.org/10.1021/ja909613e
http://dx.doi.org/10.1016/j.micromeso.2008.11.007
http://dx.doi.org/10.1038/nchem.254
http://dx.doi.org/10.1039/c1cc11054c
http://dx.doi.org/10.1039/c1cc11054c
http://dx.doi.org/10.1021/ic302010e
http://dx.doi.org/10.1039/c3gc42414f
http://dx.doi.org/10.1039/c3gc42414f
http://dx.doi.org/10.1002/chem.201404104
http://dx.doi.org/10.1002/anie.201411703
http://dx.doi.org/10.1002/anie.201411703
http://dx.doi.org/10.1002/ange.201411703
http://dx.doi.org/10.1021/ja7114053
http://dx.doi.org/10.1021/ja7114053
http://dx.doi.org/10.1021/ja904189d
http://dx.doi.org/10.1021/ja904189d
http://dx.doi.org/10.1021/ja307713q
http://dx.doi.org/10.1021/ja307713q
http://www.angewandte.de

