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Carbon Dioxide Sensitivity of Zeolitic Imidazolate Frameworks**
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Abstract: Zeolitic imidazolate frameworks of zinc, cobalt, and
cadmium, including the framework ZIF-8 commercially sold
as Basolite Z1200, exhibit surprising sensitivity to carbon
dioxide under mild conditions. The frameworks chemically
react with CO, in the presence of moisture or liquid water to
form carbonates. This effect, which has been previously not
reported in metal-organic framework chemistry, provides an
explanation for conflicting reports on ZIF-8 stability to water
and is of outstanding significance for evaluating the potential
applications of metal-organic frameworks, especially for CO,
sequestration.

ZGOIitic imidazolate frameworks!"?! (ZIFs, a family of metal
azolate frameworksPl) have been identified as excellent
candidates for applications in catalysis™ and gas storage and
separation.! The use of ZIFs for the sequestration, capture,
and separation of CO, from other gases is of particular
interest. The porous framework ZIF-8,/ based on zinc and 2-
methylimidazole (HMelIm), has been studied extensively for
its water stability, high storage capacity, and selectivity for
CO, sorption, and it is now commercially manufactured as
Basolite Z1200. While these properties of ZIF-8 have been
validated in laboratory settings, implementation of ZIFs for
CO, capture on an industrial scale requires a thorough
understanding of stability in flue gas and in complex
conditions of temperature, pressure, and atmosphere.®!
Research into the stability of ZIFs to individual environ-
mental factors determined they are stable to high temper-
atures, pressure, and pH."”! The CO, sorption capacity of
ZIF-8 remains unchanged after exposure to humidity for
a few days."! Although the applications of ZIFs in carbon
capture require a clear understanding''? of their chemical
and structural resistance to water, CO,, and other compo-
nents of flue gas, different evaluations of stability of ZIF-8
towards water have recently led to conflicting results.
Whereas ZIF-8 was reported to be resistant to steam for
hours™ and stable in boiling in water for at least a week,!!
recent reports noted the appearance of unidentified reflec-
tions in powder X-ray diffraction (PXRD) patterns of ZIF-8
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after storage in room temperature water for > 24 h.l"1 Such
apparently incongruent results highlight the need to develop
reliable approaches to evaluate the long-term structural and
chemical (in)stability of ZIFs. Recently, we reported the
accelerated aging technique for conducting environmentally
friendly synthesis of ZIFs['! achieved by exposing solid
reagents to high relative humidity (RH) and mild temper-
ature (up to 45°C) over several days, sometimes in the
presence of catalytic protic salts. Besides offering a new route
to make ZIF-8, accelerated aging also revealed its slow
rearrangement into a non-porous polymorph with a diamond-
oid (dia) topology, dia-Zn(Melm),.'")

We now demonstrate accelerated aging as a method to
evaluate the long-term stability of ZIFs under different
conditions of atmosphere, mild acidity, and water vapor.
Importantly, we report the unexpected chemical degradation
of Basolite Z1200 by humid CO, (Figure 1), leading to
a previously not described complex carbonate (1). We expand
this stability analysis, with similar results, to four other ZIFs
based on zinc, cobalt, and cadmium involving either HMelIm
or imidazole (HIm): the porous sodalite (SOD) topology
Co(Melm), (ZIF-67),%% the non-porous dia-Zn(Melm),,¥!
the non-porous interpenetrated dia-Cd(Im),,! and the non-
porous zni-Zn(Im),.*

ZIF-8
a)(Basollte z1200)

ZIF-67

dia-Zn(Melm),

CO,(g) + 100% RH
or
CO,(aq)

Zn,(Melm),(CO,), (1) or Co,(Melm),(CO,), (2)

b)  dia-Cd(im), Cd(Im),CO,-3H,0 (3)

CO,(g) + 100% RH
or
CO,(aq)

Figure 1. a) Reaction of ZIF-8, dia-Zn(Melm),, or ZIF-67 with CO, in
the presence of moisture leads to the formation of a carbonate phase
1 or its cobalt analogue 2. b) Reaction of dia-Cd(Im), with moist CO,
yields the complex carbonate Cd(HIm)¢CO;-3 H,O 3 (water omitted for
clarity).
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Figure 2. a) Selected PXRD patterns of aging ZIF-8 in CO,, air, and Ar.
ZIF-8 reacts with CO, in the presence of water and water vapor. A
characteristic reflection of 1 is marked by x. b) Selected *C CP-MAS
SSNMR spectra for the reaction of ZIF-8 to form 1. Signals of
carbonate anions are marked with *.

Samples of Basolite Z1200 were aged at 100% RH and
45°C under air, CO,, or Ar. After 3 days in CO,, PXRD
revealed X-ray reflections of a new crystalline phase (1) that
could not be correlated to any reported zinc 2-methylimida-
zolates (Figure 2). After 12 days, PXRD indicated that the
sample was a mixture of starting material and 1. Aging of
Basolite Z1200 in air and Ar did not result in any significant
changes in the PXRD pattern after 20 days (Figure 2).

We next explored how protic salts affect the transforma-
tion ZIF-8—1. Basolite Z1200 was mixed with 4% mol
NH,NO; by 5 min milling prior to aging. After 6 days, aging in
moist air and Ar led to partial rearrangement of ZIF-8 into
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dia-Zn(MelIm), (Figure 2),'” while humid CO, gave 1.
Comparison of PXRD patterns revealed that the trans-
formation ZIF-8—1 advanced more in the presence of
NH,NO; To verify if this might have been caused by pre-
milling, pure Basolite Z1200 was milled for 5 min prior to
aging in humid CO,. In this case the reaction was slower than
with NH,NO;, confirming that a protic additive accelerates
the reaction (Supporting Information, Figure S9).
Compound 1 has, to our knowledge, not yet been
explicitly described in the literature. However, inspection of
the Supporting Information from a 2010 publication by Shi
et al. reveals 1in a reaction of zinc acetate and HMeIm under
steam-assisted conditions.”! We also recognized 1 in the
recently published PXRD data for ZIF-8 that was extensively
washed or suspended in water,"*!'! indicating the active
participation of dissolved CO, in what was initially considered
a hydrolytic degradation. Next, we sought a means to
synthesize pure 1. Whereas a solution reaction of Zn-
(NO5)-6H,0, Na,CO;, and HMelm yielded a mixture of
ZIF-8 and 1, we found that 1 is readily obtained by exposing
an aqueous slurry of Basolite Z1200 to CO, at room
temperature for 2 h. The product was analyzed by thermog-
ravimetric analysis (TGA), FTIR attenuated total reflection
(FTIR-ATR), and cross-polarization magic angle spinning
(CP-MAS) solid-state *C NMR (SSNMR) spectroscopy.
TGA in air revealed that the content of zinc in 1 is higher
than in ZIF-8, indicating a loss of organic ligand in the
transformation ZIF-8—1. The FTIR-ATR spectrum of
1 revealed a new band at 1330 cm™!, which is consistent with
a carbonate (see the Supporting Information). Carbonate
formation was confirmed by SSNMR, which revealed two
new signals at 163.7 ppm and 165.7 ppm, consistent with two
non-equivalent carbonate species (Figure 2). SSNMR also
revealed the presence of at least three non-equivalent methyl
groups and resolved at least two sets of signals consistent with
carbon atoms of the methylimidazole ring. SSNMR of a ZIF-8
sample aged in humid CO, also revealed free HMelm,
confirming a higher content of zinc in 1 than in ZIF-8. The
addition of 0.1m aqueous HNO; to 1 led to effervescence,
consistent with a carbonate. Elemental analysis revealed the
contents of carbon, hydrogen, and nitrogen in 1 as 33.01, 3.15,
and 16.98 %, respectively. These values, combined with TGA,
suggest a composition Zn(Melm),ZnCO;0.66 HMeIm. We
conclude that 1 is a complex carbonate involving carbonate
and methylimidazolate species. Attempted indexing of the
PXRD pattern for two different samples of 1 suggested
a tentative orthorhombic unit cell with parameters a =242 A,
b=21.3 A and c=4.8 A (see the Supporting Information).!!
To verify if degradation of ZIF-8 in humid CO, is
associated with its porosity or topology, we explored the
cobalt analogue of ZIF-8, SOD-Co(Melm), (ZIF-67), and the
non-porous dia-Zn(Melm),, zni-Zn(Im), and dia-Cd(Im),, all
readily obtained as pure bulk phases. After 9 days aging in
CO, and 100% RH, PXRD revealed ZIF-67 formed a mate-
rial (2) isostructural to 1 (Supporting Information, Figure S5).
PXRD analysis of dia-Zn(Melm), after 1day in CO, at
100 % RH revealed the formation of 1 (Supporting Informa-
tion, Figure S4), indicating that ZIF-8 degradation is not
caused by its porosity or topology. Remarkably, zni-Zn(Im),
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Figure 3. a) Selected PXRD patterns of aging dia-Cd(Im), in CO,, air,
and Ar. b) Selected '>C CP-MAS SSNMR spectra for the reaction of dia-
Cd(Im), to form 3. Signal of the carbonate anion is marked with *.

did not exhibit any sign of degradation under any of the
explored conditions (Supporting Information, Figure S8).
For dia-Cd(Im), PXRD analysis after 2 days in humid
CO,, revealed complete disappearance of the ZIF (Figure 3).
Instead, the diffractogram exhibited new reflections consis-
tent with a mixture of cadmium carbonate (CdCO;, crystal-
lography open database code 1011341) and a complex
hydrated carbonate Cd(HIm),CO;3H,O (3, CSD code
IMCDCPO01), involving octahedrally coordinated Cd(HIm)*"
cations. Stirring of the product mixture in dilute (0.1m)
aqueous acetic acid dissolved 3, allowing CdCO; to be
separated and its identity confirmed by PXRD, TGA, and
FTIR-ATR. Formation of 3 and CdCO; results from the 1:2
ratio of Cd and HIm in the starting dia-Cd(Im),. Aging of
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a mixture of dia-Cd(Im), and 4 equivalents of HIm (corre-
sponding to a Cd:HIm ratio of 1:6, as in 3) gave 3 as the only
product. Exposure of dia-Cd(Im), to humid air or Ar for
20 days caused no change observable by PXRD or SSNMR.

Aging of dia-Cd(Im), in the presence of 4 mol % NH,NO;
gave similar results. In humid Ar, no change was observed.
While aging in humid air demonstrated no change after
13 days, the sample converted into a mixture of the starting
material, 3, and CdCO; after 64 days (Supporting Informa-
tion, Figure S7). Thus, even atmospheric CO, can cause the
decomposition of certain ZIFs.

In summary, long-term exposure of ZIFs to carbon
dioxide in the presence of moisture induces their chemical
degradation into complex carbonates. This discovery is highly
important for the development of ZIFs for carbon sequestra-
tion and, being in stark contrast to well-established stability of
ZIFs in pure CO,, highlights the need to consider complex
environments when assessing the stability of metal-organic
frameworks. We have identified the complex carbonate 1 as
the product of previously reported hydrolitic degradation of
ZIF-8,141 indicating that the inconsistencies in evaluating
ZIF-8 stability towards water might be caused by the over-
looked effects of dissolved CO,. As the solubility of CO, in
water drops with increasing temperature,*” it is possible that
ZIF-8 is stable to boiling water,!!l but slowly degrades in room
temperature water that is richer in CO,."”! In support of this
view, we find that the long-term exposure of different ZIFs to
moisture in Ar does not lead to any noticeable changes while,
in some cases, even atmospheric CO, in moist air caused
degradation. The range of materials tested herein, including
the commercial Basolite Z1200, shows that sensitivity to
moist CO, is encountered across different framework com-
positions and topologies. Our study also revealed that zni-
Zn(Im), did not undergo any degradation, indicating that
certain parameters of ZIF structure and composition can
hinder their decomposition. We believe that further evalua-
tion of long-term stability of ZIFs in multi-component
environments, in combination with theoretical assessment of
their stability and CO, binding affinity,*>*! will be central for
elucidating these parameters and facilitate the development
of materials for CO, sequestration, catalytic polycarbonate
synthesis, or CO, splitting.[**!

Experimental Section

CO, stability experiments: ZIFs (1 mmol scale: 227.6 mg ZIF-8,
227.6 mg dia-Zn(Melm),, 199.6 mg zni-Zn(Im),, 246.6 mg dia-
Cd(Im),) were placed in capped vials containing an internal vial
filled with distilled water as a humidity source. Vials were flushed
either with air, CO,, or Ar and placed in an incubator at 45°C. For
reactions containing NH,NO;, 4 % mol (0.04 mmol, 3.2 mg) NH,NO;
was added to 1 mmol Basolite Z1200 or dia-Cd(Im),, and the mixtures
milled in a 10 mL stainless steel milling jar with one 7 mm diameter
(1.3 gram) stainless steel ball for 5 min at 29.5 Hz. All reagents were
purchased from Sigma—Aldrich and used without purification. A
sample of ZIF-67 was provided by MOF Technologies, UK. Detailed
description of ZIF syntheses and instrumental (PXRD, TGA, FTIR-
ATR) characterization are given in the Supporting Information.

www.angewandte.de

Chemie

7603


http://www.angewandte.de

Angewandte

7604

Zuschriften

Received: February 4, 2014
Revised: March 24, 2014
Published online: May 30, 2014

Keywords: carbon dioxide - carbon sequestration - metal—
organic frameworks - solvent-free reactions -
zeolitic imidazolate frameworks

[1] a) 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; b) Y.-Q. Tian, C.-X. Cai, X.-M. Ren,
C.-Y. Duan, Y. Xu, S. Gao, X.-Z. You, Chem. Eur. J. 2003, 9,
5673.

[2] a)J. C. Tan, T. D. Bennett, A. K. Cheetham, Proc. Natl. Acad.

Sci. USA 2010, 107,9938; b) R. Banerjee, H. Furukawa, D. Britt,

C. Knobler, M. O’Keeffe, O. M. Yaghi, J. Am. Chem. Soc. 2009,

131, 3875; c) B. Wang, A. P. Coté, H. Furukawa, M. O’Keeffe,

O. M. Yaghi, Nature 2008, 453,207; d) T. Wu, X. Bu, J. Zhang, P.

Feng, Chem. Mater. 2008, 20, 7377; ¢) Y.-Q. Tian, S.-Y. Yao, D.

Gu, K.-H. Cui, D.-W. Guo, G. Zhang, Z.-X. Chen, D.-Y. Zhao,

Chem. Eur. J. 2010, 16, 1137.

a) J.-P. Zhang, Y.-B. Zhang, J.-B. Lin, X.-M. Chen, Chem. Rev.

2012, /12, 1001; b) T. Panda, P. Pachfule, Y. Chen, J. Jiang, R.

Banerjee, Chem. Commun. 2011, 47, 2011; c) A.-X. Zhu, R.-B.

Lin, X.-L. Qi, Y. Liu, Y.-Y. Lin, J-P. Zhang, X.-M. Chen,

Microporous Mesoporous Mater. 2012, 157, 42; d) J.-P. Zhang,

X.-M. Chen, J. Am. Chem. Soc. 2009, 131, 5516.

[4] a) C. M. Miralda, E. E. Macias, M. Zhu, P. Ratnasamy, M. A.
Carreon, ACS Catal. 2012, 2, 180; b) J. M. Roberts, B. M. Fini,
A. A. Sarjeant, O. K. Farha, J. T. Hupp, K. A. Scheidt, J. Am.
Chem. Soc. 2012, 134, 3334; ¢c) A. W. Thornton, D. Dubbeldam,
M. S. Liu, B. P. Ladewig, A.J. Hill, M. R. Hill, Energy Environ.
Sci. 2012, 5, 7637; d) O. Karagiaridi, M. B. Lalonde, W. Bury,
A. A. Sarjeant, O. K. Farha, J. T. Hupp, J. Am. Chem. Soc. 2012,
134, 18790.

[5] a)J.J. Gassensmith, H. Furukawa, R.A. Smaldone, R.S.

Forgan, Y. Y. Botros, O. M. Yaghi, J. F. Stoddart, J. Am. Chem.

Soc. 2011, 133, 15312; b) R. Vaidhyanathan, S.S. Iremonger,

G. K. H. Shimizu, P. G. Boyd, S. Alavi, T. K. Woo, Science 2010,

330, 650; c) Y.-S. Bae, R. Q. Snurr, Angew. Chem. 2011, 123,

11790; Angew. Chem. Int. Ed. 2011, 50, 11586; d)J. Pérez-

Pellitero, H. Amrouche, F. R. Siperstein, G. Pirngruber, C.

Nieto-Draghi, G. Chaplais, A. Simon-Masseron, D. Bazer-Bachi,

D. Peralta, N. Bats, Chem. Eur. J. 2010, 16, 1560; ¢) P. Zhao, G. L.

Lampronti, G. O. Lloyd, E. Suard, S. A. T. Redfern, J. Mater.

Chem. A 2014, 2, 620; f) H. Furukawa, K. E. Cordova, M.

O’Keefe, O. M. Yaghi, Science 2013, 341, 974.

a) R. Banerjee, A. Phan, B. Wang, C. Knobler, H. Furukawa, M.

O’Keeffe, O. M. Yaghi, Science 2008, 319, 939; b) X.-C. Huang,

Y.-Y. Lin, J.-P. Zhang, X.-M. Chen, Angew. Chem. 2006, 118,

1587; Angew. Chem. Int. Ed. 2006, 45, 1557; ¢) J. M. Simmons, H.

Wu, W. Zhou, T. Yildirim, Energy Environ. Sci. 2011, 4, 2177.

a) 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;b) S. R. Venna, M. A. Carreon, J. Am. Chem. Soc. 2010, 132,

76;c) Y. Hu, Z. Liu, J. Xu, Y. Huang, Y. Song, J. Am. Chem. Soc.

2013, 735, 9287; d) J. McEwen, J.-D. Hayman, A. O. Yazaydin,

Chem. Phys. 2013, 412, 72.

3

—

6

[}

[7

—_—

[8] a) A. Phan, C.J. Doonan, F.J. Uribe-Romo, C. B. Knobler, M.
O’Keefe, O. M. Yaghi, Acc. Chem. Res. 2010, 43, 58; b) A. U.
Czaja, N. Trukhan, U. Miiller, Chem. Soc. Rev. 2009, 38, 1284;
¢) G. Lu, O. K. Farha, W. Zhang, F. Huo, J. T. Hupp, Adv. Mater.
2012, 24,3970; d) Q. Song, S. K. Nataraj, M. V. Roussenova, J. C.
Tan, D.J. Hughes, W. Li, P. Bourgoin, M. A. Alam, A.K.
Cheetham, S. A. Al-Muhtaseb, E. Sivaniah, Energy Environ. Sci.
2012, 5, 8359.

a) Z. Lu, C. B. Knobler, H. Furukawa, B. Wang, G. Liu, O. M.

Yaghi, J. Am. Chem. Soc. 2009, 131, 12532; b) S. A. Moggach,

T. D. Bennett, A. K. Cheetham, Angew. Chem. 2009, 121, 7221;

Angew. Chem. Int. Ed. 2009, 48, 7087.

[10] S. Han, Y. Huang, T. Watanabe, Y. Dai, K. S. Walton, S. Nair,
D. S. Sholl, J. C. Meredith, ACS Comb. Sci. 2012, 14, 263.

[11] J. Xie, N. Yan, Front. Environ. Sci. Eng. 2014, 8, 162.

[12] a) B. P. Biswal, T. Panda, R. Banerjee, Chem. Commun. 2012, 48,
11868; b) Y. Liu, E. Hu, E. A. Khan, Z. Lai, J. Membr. Sci. 2010,
353, 36; c) A. Sayari, Y. Belmabkhout, R. Serna-Guerrero,
Chem. Eng. J. 2011, 171, 760.

[13] J.J. Low, A.I Benin, P. Jakubczak, J. F. Abrahamian, S. A.
Faheem, R. R. Willis, J. Am. Chem. Soc. 2009, 131, 15834.

[14] P. Kiisgens, M. Rose, I. Senkovska, H. Frode, A. Henschel, S.
Siegle, S. Kaskel, Microporous Mesoporous Mater. 2009, 120,
325.

[15] a) K. A. Cychosz, A. J. Matzger, Langmuir 2010, 26,17198; b) X.
Liu, Y. Li, Y. Ban, Y. Peng, H. Jin, H. Bux, L. Xu, J. Caro, W.
Yang, Chem. Commun. 2013, 49, 9140.

[9

—

Green Chem. 2013, 15, 2121.

[18] Q. Shi, Z. Chen, Z. Song, J. Li, J. Dong, Angew. Chem. 2011, 123,
698; Angew. Chem. Int. Ed. 2011, 50, 672.

[19] a) N. Masciocchi, G. A. Ardizzoia, S. Brenna, F. Castelli, S. Galli,
A. Maspero, A. Sironi, Chem. Commun. 2003, 16,2018; b) Y.-Q.
Tian, L. Xu, C.-X. Cai, J.-C. Wei, Y.-Z. Li, X.-Z. You, Eur. J.
Inorg. Chem. 2004, 1039; c) O. Karagiaridi, W. Bury, A. A.
Sarjeant, C. L. Stern, O. K. Farha, J. T. Hupp, Chem. Sci. 2012, 3,
3256; d) L E. Collings, A.B. Cairns, A.L. Thompson, J. E.
Parker, C. C. Tang, M. G. Tucker, J. Catafesta, C. Levelut, J.
Haines, V. Dmitriev, P. Pattison, A. L. Goodwin, J. Am. Chem.
Soc. 2013, 135, 7610.

[20] a) R. Lehnert, F. Seel, Z. Anorg. Allg. Chem. 1980, 464, 187,
b) E. C. Spencer, R.J. Angel, N. L. Ross, B. E. Hanson, J. A. K.
Howard, J. Am. Chem. Soc. 2009, 131, 4022.

[21] Indexing and Pawley fitting were performed using DASH
release 3.3.1; see: W. 1. F. David, K. Shankland, J. van de Streek,
E. Pidcock, W. D. S. Motherwell, J. C. Cole, J. Appl. Crystallogr.
2006, 39, 910.

[22] CRC Handbook of Chemistry and Physics, 94th ed. (Ed.: W. M.
Haynes), CRC, Boca Raton, FL, 2013.

[23] a) C. A. Schroder, 1. A. Baburin, L. van Wiillen, M. Wiebcke, S.
Leoni, CrystEngComm 2013, 15, 4036; b) J. G. McDaniel, K. Yu,
J.R. Schmidt, J. Phys. Chem. C 2012, 116, 1892; c) E. Pantato-
saki, G. Megariotis, A.-K. Pusch, C. Chmelik, F. Stallmach, G. K.
Papadopoulos, J. Phys. Chem. C 2012, 116, 201; d) M. Fischer,
R. G. Bell, CrystEngComm 2014, 16, 1934.

[24] a) S. Wang, W. Yao, J. Lin, Z. Ding, X. Wang, Angew. Chem.
2014, 126, 1052; Angew. Chem. Int. Ed. 2014, 53, 1034; b) M.
Zhu, M. A. Carreon, J. Appl. Polym. Sci. 2014, 131, 39738.

www.angewandte.de

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2014, 126, 76017604


http://dx.doi.org/10.1073/pnas.0602439103
http://dx.doi.org/10.1073/pnas.0602439103
http://dx.doi.org/10.1002/chem.200304957
http://dx.doi.org/10.1002/chem.200304957
http://dx.doi.org/10.1073/pnas.1003205107
http://dx.doi.org/10.1073/pnas.1003205107
http://dx.doi.org/10.1021/ja809459e
http://dx.doi.org/10.1021/ja809459e
http://dx.doi.org/10.1038/nature06900
http://dx.doi.org/10.1021/cm802400f
http://dx.doi.org/10.1002/chem.200902729
http://dx.doi.org/10.1021/cr200139g
http://dx.doi.org/10.1021/cr200139g
http://dx.doi.org/10.1039/c0cc04169f
http://dx.doi.org/10.1016/j.micromeso.2011.11.033
http://dx.doi.org/10.1021/ja8089872
http://dx.doi.org/10.1021/cs200638h
http://dx.doi.org/10.1021/ja2108118
http://dx.doi.org/10.1021/ja2108118
http://dx.doi.org/10.1039/c2ee21743k
http://dx.doi.org/10.1039/c2ee21743k
http://dx.doi.org/10.1021/ja308786r
http://dx.doi.org/10.1021/ja308786r
http://dx.doi.org/10.1021/ja206525x
http://dx.doi.org/10.1021/ja206525x
http://dx.doi.org/10.1126/science.1194237
http://dx.doi.org/10.1126/science.1194237
http://dx.doi.org/10.1002/ange.201101891
http://dx.doi.org/10.1002/ange.201101891
http://dx.doi.org/10.1002/anie.201101891
http://dx.doi.org/10.1002/chem.200902144
http://dx.doi.org/10.1039/c3ta13981f
http://dx.doi.org/10.1039/c3ta13981f
http://dx.doi.org/10.1126/science.1152516
http://dx.doi.org/10.1002/ange.200503778
http://dx.doi.org/10.1002/ange.200503778
http://dx.doi.org/10.1002/anie.200503778
http://dx.doi.org/10.1039/c0ee00700e
http://dx.doi.org/10.1021/cr2003272
http://dx.doi.org/10.1021/cr2003272
http://dx.doi.org/10.1021/ja909263x
http://dx.doi.org/10.1021/ja909263x
http://dx.doi.org/10.1021/ja403635b
http://dx.doi.org/10.1021/ja403635b
http://dx.doi.org/10.1016/j.chemphys.2012.12.012
http://dx.doi.org/10.1021/ar900116g
http://dx.doi.org/10.1039/b804680h
http://dx.doi.org/10.1002/adma.201202116
http://dx.doi.org/10.1002/adma.201202116
http://dx.doi.org/10.1039/c2ee21996d
http://dx.doi.org/10.1039/c2ee21996d
http://dx.doi.org/10.1021/ja905101s
http://dx.doi.org/10.1002/ange.200902643
http://dx.doi.org/10.1002/anie.200902643
http://dx.doi.org/10.1021/co3000192
http://dx.doi.org/10.1007/s11783-013-0507-2
http://dx.doi.org/10.1039/c2cc36651g
http://dx.doi.org/10.1039/c2cc36651g
http://dx.doi.org/10.1016/j.memsci.2010.02.023
http://dx.doi.org/10.1016/j.memsci.2010.02.023
http://dx.doi.org/10.1016/j.cej.2011.02.007
http://dx.doi.org/10.1021/ja9061344
http://dx.doi.org/10.1016/j.micromeso.2008.11.020
http://dx.doi.org/10.1016/j.micromeso.2008.11.020
http://dx.doi.org/10.1021/la103234u
http://dx.doi.org/10.1039/c3cc45308a
http://dx.doi.org/10.1039/c2sc20344h
http://dx.doi.org/10.1039/c3gc41370e
http://dx.doi.org/10.1039/c3gc41370e
http://dx.doi.org/10.1039/c3gc40520f
http://dx.doi.org/10.1002/ange.201004937
http://dx.doi.org/10.1002/ange.201004937
http://dx.doi.org/10.1002/anie.201004937
http://dx.doi.org/10.1002/ejic.200300560
http://dx.doi.org/10.1002/ejic.200300560
http://dx.doi.org/10.1039/c2sc20558k
http://dx.doi.org/10.1039/c2sc20558k
http://dx.doi.org/10.1021/ja401268g
http://dx.doi.org/10.1021/ja401268g
http://dx.doi.org/10.1002/zaac.19804640117
http://dx.doi.org/10.1021/ja808531m
http://dx.doi.org/10.1107/S0021889806042117
http://dx.doi.org/10.1107/S0021889806042117
http://dx.doi.org/10.1039/c2ce26045j
http://dx.doi.org/10.1021/jp209335y
http://dx.doi.org/10.1021/jp207771s
http://dx.doi.org/10.1039/c3ce42209g
http://dx.doi.org/10.1002/ange.201309426
http://dx.doi.org/10.1002/ange.201309426
http://dx.doi.org/10.1002/anie.201309426
http://www.angewandte.de

