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crystalline materials because of their large internal surface 
areas, uniform but tunable cavities, and tailorable chemistry. [ 9 ]  
As a result, MOFs have been widely used in gas storage, [ 10 ]  sep-
aration, [ 11 ]  chemical sensing, [ 12 ]  and heterogeneous catalysis [ 13 ]  
in the past decade. In addition, as unique host matrices, MOFs 
can offer a platform for loading functional species, resulting 
in MOF-based composites with novel chemical and physical 
properties. [ 12 , 13d,e ]  Consequently, recent research interest has 
gradually shifted from the preparation of new MOF structures 
to the incorporation of functional materials into the MOF 
matrices for potential applications. [ 13c ]  Currently, NP/MOF 
composites are commonly prepared by reduction of a metal 
precursor within a MOF template, [ 14 ]  or by encapsulating pre-
synthesized NPs in MOFs. [ 15 ]  Unfortunately, in the former 
case, such a preparation strategy possesses intrinsic limita-
tions, namely, NP aggregation, poor control over NP size, and 
restricted species composition. Moreover, the precursor can 
actually diffuse out through the pores of MOFs to form NPs 
on the external surface, rendering the size and shape selectivity 
of MOF-based catalysts hard to realize. Great efforts have been 
made to overcome the above-mentioned drawbacks. In the 
latter encapsulation strategy, pre-synthesized nanoparticles are 
usually stabilized with certain surfactants, capping agents, or 
even ions and usually the hydrodynamic radius of the NPs is 
much larger than the cavity size of the MOF. The nanoparticles 
do not occupy the MOF cavities, but instead are surrounded 
by the MOF lattice. Recently, we developed an encapsulation 
strategy that achieved incorporation of various NPs modi-
fi ed by polyvinylpyrrolidone (PVP) within zeolitic imidazolate 
framework material (ZIF-8) under ambient conditions. [ 16 ]  Other 
members of the MOF family with carboxylic-acid-based ligands, 
by contrast, show promise for future applications owing to their 
greater chemical variety, better thermal or chemical stability, 
and larger aperture and pore size. To the best of our knowledge, 
a general and versatile strategy for incorporation of NPs in 
MOFs with carboxylic acid–based ligands has not yet been well 
developed, in spite of the need and the signifi cance of applica-
tions of NP/MOF hybrid materials. 

 In the work reported here, we have developed the encapsu-
lation of noble-metal NPs in MOFs with carboxylic-acid-based 
ligands, which is the largest branch of the MOF family. The 
obtained NP/MOF composites were employed as novel cata-
lysts in heterogeneous catalysis. Interestingly, in addition to the 
fact that NPs can be successfully incorporated inside various 
MOFs with carboxylic-acid-group ligands, such as UiO-66, NH 3 -
UiO-66, and NH 3 -MIL-53, the NP/MOF composites exhibited 

  Noble-metal nanoparticles (NPs), [ 1 ]  especially platinum (Pt) 
and palladium (Pd), supported on high-surface-area carriers 
have been attracting increasing research attention as impor-
tant heterogeneous catalysts. On one hand, the high surface 
area of the carrier can increase the availability of the active 
sites and facilitate the contact between reactants and catalysts. 
On the other, nanoscopic catalysts with uniform size, stability, 
and unique properties compared to their larger counterparts [ 2 ]  
are constantly appealing in a broad range of scientifi c studies, 
including materials science, [ 3 ]  computational chemistry, [ 4 ]  and 
catalysis. [ 5 ]  Unfortunately, aggregation and/or fusion of noble-
metal NPs is commonly observed during catalytic reactions 
using existing carriers, such as silica, [ 6 ]  zeolites, [ 7 ]  and carbon, [ 8 ]  
owing to the high surface energies of free noble-metal NPs. 
Thus, in order to preserve the unique properties of NPs in a 
wide range of applications, it is necessary to search for new 
types of carriers that overcome the NP aggregation challenge 
and, ideally, simultaneously impart new functionalities to the 
catalyst. 

 Metal-organic frameworks (MOFs), synthesized by means 
of assembly of metal ions and organic ligands in an appro-
priate solvent, have recently emerged as promising new porous 
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excellent shape-selectivity in olefi n hydrogenation, aqueous 
reaction in reduction of 4-nitrophenol , and higher molecular 
diffusion rate in CO oxidation ( Scheme    1  ).  

 Noble-metal NPs with uniform size were successfully encap-
sulated in MOFs with carboxylic-acid-group ligands. UiO-66, 
a class of zirconium-based MOFs [ 17 ]  with molecular formula 
Zr 6 O 4 (OH) 4 , was chosen as an example in this work to study 
the encapsulation of Pt NPs because of its high surface area 
and unprecedented stability. Pt NPs with uniform sizes were 
synthesized by reported methods [ 18 ]  and modifi ed with PVP. In 
a typical experiment, 5 mL solution of ZrCl 4  
(8.75 mM) and 5 mL solution of terephthalic 
acid (benzene-1,4-dicarboxylic acid, BDC) 
(8.01 mM) were mixed in a glass vial. Sub-
sequently, 1.2 mL acetic acid and 0.2 mL Pt 
NP solution were added to afford a homoge-
neous mixture, and the reaction was kept at 
120 °C for 24 h without stirring . Products 
were collected by centrifugation and then 
washed with dimethylformamide (DMF) and 
methanol. Importantly, during the encap-
sulation strategy, PVP favors the continu-
ously forming fresh surfaces of the growing 
MOF spheres. Thus, NPs can successfully 
adhere to the growing MOF crystal without 
altering the crystal structure. Moreover, the 
encapsulation process was further investi-
gated by means of time-dependent transmis-
sion electron microscopy (TEM) analysis. 
Figure S1a (Supporting Information) shows 
a TEM image of the products obtained after 
a reaction time of 30 min, which were hybrid 
spheres with an average diameter of 50 nm. 
The hybrid spheres were composed of coor-
dination polymer and encapsulated Pt nano-
particles. The hybrid spheres gradually grew 
larger (150 nm at a reaction time of 1 h, 
Figure S1b), and exhibited a structure with a 
NP-rich core and NP-free shell owing to the 
depletion of the free nanoparticles during 
the reaction. The hybrid spheres evolved 
into octahedron crystals (320 nm) after 3 h 

(Figure S1c). After 24 h, the perfect octahe-
dron crystal structure of Pt/UIO-66 can be 
obtained (Figure S1d). In addition, the encap-
sulation strategy is suitable for various sol-
vents, including water, DMF, methanol, and 
benzyl alcohol, and is applicable to a broad 
range of classes of MOFs ( Figure    1  ).   

  Figure    2  a shows the TEM image of the 
obtained Pt/UiO-66 composites, exhibiting 
intact crystal morphology. Notably, no Pt NP 
aggregation was observed inside the UiO-66 
frameworks. The crystal structure, thermo-
stability, and porosity of Pt/UiO-66 compos-
ites were further characterized by X-ray dif-
fraction (XRD), thermogravimetric analysis 
(TGA), and nitrogen-sorption measurements, 
respectively. Compared to the XRD spectrum 

of intrinsic UiO-66, no signifi cant loss of crystallinity can be 
detected in the XRD pattern (Figure  2 b) after loading with Pt 
NPs. The absence of Pt peaks could presumably be attributed to 
the low NP concentration as well as the encapsulation by UiO-
66. TGA spectra demonstrate the effect of Pt NP loading on 
the thermal stability of UiO-66 (Figure  2 c). The decomposition 
temperature of Pt/UiO-66 was 499 °C, which is only margin-
ally lower than that of intrinsic UiO-66 crystals (505 °C), pos-
sibly due to the movement and decomposition of PVP chains 
(PVP glass transition temperature, 175 °C; decomposition 
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 Scheme 1.    The catalytic reactions of Pt/UiO-66 composites.

 Figure 1.    TEM images of different kinds of Pt/MOFs. a) Pt/NH 3 -UiO-66. b) Pt/MIL-53 (120 °C). 
c) Pt/MIL-53 (180 °C). d) Pd/UIO-66.
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temperature, 435 °C). The steep increase in N 2  uptake at low 
relative pressure in the nitrogen-sorption spectra indicates a 
microporous structure of UiO-66 and Pt/UiO-66. The lower 
surface area of Pt/UiO-66 (1340 m 2  g −1 ) composites compared 
with intrinsic UiO-66 (1492 m 2  g −1 ) is mainly due to the contri-
butions of nonporous Pt NPs, and the existence of PVP in the 
composites (Figure  2 d). 

 Liquid-phase hydrogenation of hex-1-ene, cyclooctene,  trans -
stilbene,  cis -stilbene, triphenyl ethylene, and tetraphenyl eth-
ylene were carried out to study the molecular-size selectivity 
of Pt/UiO-66 composites. The difference of catalytic activity 
is mainly due to the difference in the size of the reactant. As 
the molecular size of these reactants gradually increased, 
the conversion rate of reactants decreased correspondingly 
( Figure    3  a). For hexene, Pt/UiO-66 composites showed high 
activity with 100% conversion after 24 h reaction, indicating 
that there was no signifi cant diffusion limitation caused by the 
UiO-66 frame. Hex-1-ene molecules (2.5 Å) are small enough 
to diffuse through the pore aperture of the UiO-66 frame 
(6 Å). [ 19 ]  For other reactants, Pt/UiO-66 showed different cat-
alytic activity after 24 h reaction (cyclooctene (5.5 Å), 65.99% 
conversion;  trans -stilbene (5.6 Å), 35%; triphenyl ethylene 
(5.8 Å), 8%), mainly owing to the retarded diffusion of reactant 
in the MOF matrix. In contrast, Pt/UiO-66 composites showed 
no propensity to catalyze the hydrogenation of the sterically 
more demanding tetraphenyl ethylene (6.7 Å), which is con-
sistent with the pore size for UiO-66 (6 Å) and also suggests 
the absence of Pt NPs on the outer surface of the composite. 
In the control experiment, pure UiO-66 crystals showed no 

catalytic activity toward olefi ns while pure Pt NPs supported 
on carbon nanotubes displayed indiscriminating catalytic capa-
bility towards olefi n hydrogenation (hex-1-ene 100%, cyclooc-
tene 100%,  cis -stilbene 100%,  trans -stilbene 100%, triphenyl 
ethylene 89%, and tetraphenyl ethylene 18%). Note that, in this 
case, triphenyl ethylene and tetraphenyl ethylene showed lower 
catalytic activity, probably owing to steric hindrance of the mol-
ecules, making it diffi cult for the C=C bond to contact the Pt 
NP surface. The high reusability of Pt/UiO-66 composites for 
hydrogenation of hex-1-ene  is demonstrated from the obser-
vation of similar conversion effi ciencies for three consecutive 
recycle runs (Figure S3b, Supporting Information). The porous 
structures of UiO-66 are preserved after catalytic reaction and 
no signifi cant degradation was detected by XRD measure-
ment (Figure S3c), though a minor number of small pores 
could be observed in the middle of UiO-66 after catalytic reac-
tion (Figure S3d). In addition,  cis -cyclooctene was taken as an 
example to study the catalytic activity of Pt/UiO-66 composites 
that were treated at different temperatures (room temperature, 
120 °C, and 340 °C) under nitrogen gas (Figure S3a). The cata-
lytic activity of Pt/UiO-66 treated at 120 °C was similar to that 
treated at room temperature, while Pt/UiO-66 treated at 340 °C 
showed the highest catalytic activity. The discrepancy is likely 
due to the decomposition of PVP molecules surrounding the 
NPs at elevated temperature, making it easier for reactants to 
touch the Pt catalytic centers.  

 The Pt/UiO-66 composites were also tested for cata-
lytic reduction of 4-nitrophenol by NaBH 4  in water. It is well 
known that the reaction does not proceed without a catalyst but 
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 Figure 2.    Structure properties of Pt/UiO-66. a) TEM image of Pt/UiO-66. b) Powder XRD patterns of UiO-66 and Pt/UiO-66. c) TGA spectra of UiO-66 
and Pt/UiO-66. d) The nitrogen adsorption–desorption isotherm at 77 K of UiO-66 and Pt/UiO-66.
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proceeds rapidly in the presence of a metallic surface. [ 20 ]  The 
reduction mixture was monitored by UV-vis absorption spec-
troscopy after the addition of Pt/UiO-66 composites (Figure  3 b). 
The absorption peak of 4-nitrophenol aqueous solution was 
located at 317 nm while this characteristic peak red-shifted to 
400 nm after NaBH 4  had been added. When pure Pt NPs were 
used as the catalyst, the absorbance of the reaction mixture at 
400 nm gradually decreased as the reaction proceeded, along 
with a concomitant increase of the 300 nm peak corresponding 
to 4-aminophenol. However, interestingly, the characteristic 
peak of 4-aminophenol did not appear when Pt/UiO-66 com-
posites were used as the catalyst (Figure S4a, Supporting Infor-
mation), presumably as a result of the formation of interme-
diate products in the limited pore space of UiO-66. The com-
plete reduction of 4-nitrophenal with Pt/UiO-66 required more 
time than with pure Pt NPs because of the reduced molecular 
diffusion rate caused by the uniform pores and limited cavity 
size. In the control experiment, UiO-66 exhibited no catalytic 
activity with respect to the reduction of 4-nitrophenol. The reus-
ability of Pt/UiO-66 composites as a catalyst for the reduction 
of 4-nitrophenol was demonstrated again by the observation 
of similar conversion effi ciencies for three consecutive recycle 
runs. The crystal structure of UiO-66 was preserved after cata-
lytic reaction with some degree of degradation detected by XRD 
measurement (Figure S4b). A small number of pores existed in 
the middle of UiO-66 after catalytic reaction, as observed in the 
TEM image (Figure S4d), presumably owing to the production 
of a large quantity of H 2  resulting from the decomposition of 
NaBH 4 . 

 To assess the catalytic functionality of the Pt/UiO-66 com-
posite for gas-phase reactions, we carried out the CO oxidation 
reaction at room temperature and at higher temperatures. As 
shown in Figure  3 c, the Pt/UiO-66 composite began to catalyze 
the oxidation of CO at 90 °C and a conversion rate of near 100% 
is achieved at 180 °C. The activity of Pt/UiO-66 composites was 
higher than that of the Pt/ZIF-8 composites as a catalyst for 
CO oxidation, probably due to the large aperture size of UiO-66 
(6 Å) compared to ZIF-8 (3.4 Å), thus enhancing the diffusion 
rate. Notably, Pt/UiO-66 composites retained good catalytic 
activity for as long as 30 h at 180 °C (Figure  3 d). Nevertheless, 
UiO-66 exhibited no catalytic activity with respect to the CO 
oxidation reaction over the whole temperature range. After the 
catalytic reaction, the crystallinity of the Pt/UiO-66 host matrix 
remain unchanged, although a few MOF particles had a mild 
degree of collapse at the corner, which can all be confi rmed by 
the TEM image and XRD spectra before and after CO oxidation 
(Figure S5, Supporting Information). More importantly, no Pt 
NP aggregation was observed after CO oxidation, as confi rmed 
by TEM measurement. Thus, the accessibility of embedded 
Pt NPs modifi ed with PVP in UiO-66 for catalysis has been 
examined for the fi rst time for CO oxidation; high activity was 
exhibited. 

 In conclusion, an effi cient NP encapsulation strategy for 
MOFs has been successfully extended to various kinds of 
MOFs with carboxylic-acid-group ligands. Nobel metal NPs of 
uniform size were encapsulated completely inside the MOF 
matrix without sticking to the outer surface. The obtained 
Pt/UiO-66 composites exhibited excellent shape-selective 
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 Figure 3.    Catalytic properties of Pt/UiO-66 composites. a) Size-selective hydrogenation of olefi ns catalyzed by Pt/UiO-66 composite (2% content of 
2.9 nm Pt NPs). b) UV-vis spectra showing gradual reduction of 4-nitrophenol over Pt/UiO-66. c,d) CO oxidation catalysis by Pt/UiO-66. Conversion 
versus temperature (c) and at 180 °C versus time (d).
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catalytic properties in olefi n hydrogenation, aqueous reaction in 
4-nitrophenol reduction, and enhanced molecular diffusion in 
CO oxidation. Importantly, the MOF matrix demonstrated con-
vincing advantages as a catalytic carrier, not only preventing the 
aggregation of NPs but also imparting new functionalities to 
the catalyst composite. Furthermore, the results shed light on 
new ways to develop high-performance heterogeneous catalysts 
by using functionalized cavities of MOFs as hosts for different 
metal NPs.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  

  Acknowledgements 
 W.N.Z. and G.L. contributed equally to this work. This work was 
supported by AcRF Tier 2 (RG 42/10) from the Ministry of Education, 
Singapore, and the Singapore National Research Foundation under 
the Campus for Research Excellence and Technological Enterprise 
programme Nanomaterials for Energy and Water Management.   

Received:  February 8, 2014 
Revised:  March 2, 2014 

Published online:    April 7, 2014 

[1]   a)   D.    Astruc  ,   F.    Lu  ,   J. R.    Aranzaes  ,  Angew. Chem. Int. Ed.    2005 , 
 44 ,  7852 ;    b)   A.    Chen  ,   P.    Holt-Hindle  ,  Chem. Rev.    2010 ,  110 ,  3767 ;   
 c)   J.    Lu  ,   J. W.    Elam  ,   P. C.    Stair  ,  Acc. Chem. Res.    2013 ,  46 ,  1806 .  

[2]     C. T.    Campbell  ,   S. C.    Parker  ,   D. E.    Starr  ,  Science    2002 ,  298 ,  811 .  
[3]     P.    Clancy  ,  Nature Nanotechnol.    2011 ,  6 ,  540 .  
[4]     S. J.    Tan  ,   M. J.    Campolongo  ,   D.    Luo  ,   W.    Cheng  ,  Nature Nanotechnol.   

 2011 ,  6 ,  268 .  
[5]     J.    Liu  ,   S. Z.    Qiao  ,   S. B.    Hartono  ,   G. Q.    Lu  ,  Angew. Chem. Int. Ed.   

 2010 ,  49 ,  4981 .  
[6]   a)   C. B.    Gao  ,   Q.    Zhang  ,   Z. D.    Lu  ,   Y. D.    Yin  ,  J. Am. Chem. Soc.    2011 , 

 133 ,  19706 ;    b)   Y.    Wan  ,   Zhao  ,  Chem. Rev.    2007 ,  107 ,  2821 ;    c)   J.    Wei  , 
  H.    Wang  ,   Y.    Deng  ,   Z.    Sun  ,   L.    Shi  ,   B.    Tu  ,   M.    Luqman  ,   D.    Zhao  , 
 J. Am. Chem. Soc.    2011 ,  133 ,  20369 .  

[7]     Y.    Tao  ,   H.    Kanoh  ,   L.    Abrams  ,   K.    Kaneko  ,  Chem. Rev.    2006 ,  106 , 
 896 .  

[8]   a)   Y.    Wan  ,   H.    Yang  ,   D.    Zhao  ,  Acc. Chem. Res.    2006 ,  39 ,  423 ;   
 b)   T.    Harada  ,   S.    Ikeda  ,   Y. H.    Ng  ,   T.    Sakata  ,   H.    Mori  ,   T.    Torimoto  , 
  M.    Matsumura  ,  Adv. Funct. Mater.    2008 ,  18 ,  2190 .  

[9]   a)   G.    Ferey  ,  Chem. Soc. Rev.    2008 ,  37 ,  191 ;    b)   H.    Furukawa  , 
  N.    Ko  ,   Y. B.    Go  ,   N.    Aratani  ,   S. B.    Choi  ,   E.    Choi  ,   A. O.    Yazaydin  , 
  R. Q.    Snurr  ,   M.    O’Keeffe  ,   J.    Kim  ,   O. M.    Yaghi  ,  Science    2010 ,  329 , 
 424 ;    c)   S.    Horike  ,   S.    Shimomura  ,   S.    Kitagawa  ,  Nature Chem.    2009 ,  1 , 
 695 .  

[10]   a)   N. L.    Rosi  ,   J.    Eckert  ,   M.    Eddaoudi  ,   D. T.    Vodak  ,   J.    Kim  , 
  M.    O’Keeffe  ,   O. M.    Yaghi  ,  Science    2003 ,  300 ,  1127 ;    b)   M.    Dinca  , 
  J. R.    Long  ,  Angew. Chem. Int. Ed.    2008 ,  47 ,  6766 ;    c)   L. J.    Murray  , 
  M.    Dinca  ,   J. R.    Long  ,  Chem. Soc. Rev.    2009 ,  38 ,  1294 ;    d)   R.    Banerjee  , 
  A.    Phan  ,   B.    Wang  ,   C.    Knobler  ,   H.    Furukawa  ,   M.    O’Keeffe  , 
  O. M.    Yaghi  ,  Science    2008 ,  319 ,  939 ;    e)   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 .  

[11]   a)   J. R.    Li  ,   J.    Sculley  ,   H. C.    Zhou  ,  Chem. Rev.    2012 ,  112 ,  869 ;    
b)   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 .  

[12]     L. E.    Kreno  ,   K.    Leong  ,   O. K.    Farha  ,   M.    Allendorf  ,   R. P.    Van Duyne  , 
  J. T.    Hupp  ,  Chem. Rev.    2011 ,  112 ,  1105 .  

[13]   a)   A.    Corma  ,   H.    Garcia  ,   F. X.    Llabres i Xamena  ,  Chem. Rev.   
 2010 ,  110 ,  4606 ;    b)   J.    Lee  ,   O. K.    Farha  ,   J.    Roberts  ,   K. A.    Scheidt  , 
  S. T.    Nguyen  ,   J. T.    Hupp  ,  Chem. Soc. Rev.    2009 ,  38 ,  1450 ;   
 c)   A.    Dhakshinamoorthy  ,   H.    Garcia  ,  Chem. Soc. Rev.    2012 ,  41 ,  5262 ;   
 d)   Y.    Liu  ,   W.    Zhang  ,   S.    Li  ,   C.    Cui  ,   J.    Wu  ,   H.    Chen  ,   F.    Huo  ,  Chem. 
Mater.    2013 ,  26 ,  1119 ;    e)   M.    Zhao  ,   K.    Deng  ,   L.    He  ,   Y.    Liu  ,   G.    Li  , 
  H.    Zhao  ,   Z.    Tang  ,  J. Am. Chem. Soc.    2014 ,  136 ,  1738 ;    f)   Z.    Zhang  , 
  Y.    Chen  ,   X.    Xu  ,   J.    Zhang  ,   G.    Xiang  ,   W.    He  ,   X.    Wang  ,  Angew. Chem. 
Int. Ed.    2014 ,  53 ,  429 .  

[14]   a)   A.    Aijaz  ,   A.    Karkamkar  ,   Y. J.    Choi  ,   N.    Tsumori  ,   E.    Ronnebro  , 
  T.    Autrey  ,   H.    Shioyama  ,   Q.    Xu  ,  J. Am. Chem. Soc.    2012 ,  134 , 
 13926 ;    b)   Y. K.    Park  ,   S. B.    Choi  ,   H. J.    Nam  ,   D.-Y.    Jung  ,   H. C.    Ahn  , 
  K.    Choi  ,   H.    Furukawa  ,   J.    Kim  ,  Chem. Commun.    2010 ,  46 ,  3086 ;   
 c)   M.    Meilikhov  ,   K.    Yusenko  ,   D.    Esken  ,   S.    Turner  ,   G.    Van Tendeloo  , 
  R. A.    Fischer  ,  Eur. J. Inorg. Chem.    2010 ,  2010 ,  3701 ;    d)   Q. L.    Zhu  , 
  J.    Li  ,   Q.    Xu  ,  J. Am. Chem. Soc.    2013 ,  135 ,  10210 .  

[15]   a)   P.    Falcaro  ,   A. J.    Hill  ,   K. M.    Nairn  ,   J.    Jasieniak  ,   J. I.    Mardel  , 
  T. J.    Bastow  ,   S. C.    Mayo  ,   M.    Gimona  ,   D.    Gomez  ,   H. J.    Whitfi eld  , 
  R.    Riccò  ,   A.    Patelli  ,   B.    Marmiroli  ,   H.    Amenitsch  ,   T.    Colson  , 
  L.    Villanova  ,   D.    Buso  ,  Nature Commun.    2011 ,  2 ,  237 ;    b)   M. R.    Lohe  , 
  K.    Gedrich  ,   T.    Freudenberg  ,   E.    Kockrick  ,   T.    Dellmann  ,   S.    Kaskel  , 
 Chem. Commun.    2011 ,  47 ,  3075 ;    c)   K.    Sugikawa  ,   Y.    Furukawa  , 
  K.    Sada  ,  Chem. Mater.    2011 ,  23 ,  3132 .  

[16]   a)   G.    Lu  ,   S.    Li  ,   Z.    Guo  ,   O. K.    Farha  ,   B. G.    Hauser  ,   X.    Qi  ,   Y.    Wang  , 
  X.    Wang  ,   S.    Han  ,   X.    Liu  ,   J. S.    DuChene  ,   H.    Zhang  ,   Q.    Zhang  , 
  X.    Chen  ,   J.    Ma  ,   S. C. J.    Loo  ,   W. D.    Wei  ,   Y.    Yang  ,   J. T.    Hupp  ,   F.    Huo  , 
 Nature Chem.    2012 ,  4 ,  310 ;    b)   X.    Huang  ,   J.    Zhang  ,   X.    Chen  ,  Chin. 
Sci. Bull.    2003 ,  48 ,  1531 .  

[17]   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)   V.    Guillerm  ,   F.    Ragon  ,   M.    Dan-Hardi  , 
  T.    Devic  ,   M.    Vishnuvarthan  ,   B.    Campo  ,   A.    Vimont  ,   G.    Clet  ,   Q.    Yang  , 
  G.    Maurin  ,   G.    Férey  ,   A.    Vittadini  ,   S.    Gross  ,   C.    Serre  ,  Angew. Chem. 
Int. Ed.    2012 ,  51 ,  9267 .  

[18]     T.    Teranishi  ,   M.    Hosoe  ,   T.    Tanaka  ,   M.    Miyake  ,  J. Phys. Chem. B    1999 , 
 103 ,  3818 .  

[19]     J. H.    Cavka  ,   S.    Jakobsen  ,   U.    Olsbye  ,   N.    Guillou  ,   C.    Lamberti  , 
  S.    Bordiga  ,   K. P.    Lillerud  ,  J. Am. Chem. Soc.    2008 ,  130 ,  13850 .  

[20]   a)   H. L.    Jiang  ,   T.    Akita  ,   T.    Ishida  ,   M.    Haruta  ,   Q.    Xu  ,  J. Am. Chem. 
Soc.    2011 ,  133 ,  1304 ;    b)   Y.    Lu  ,   Y.    Mei  ,   M.    Drechsler  ,   M.    Ballauff  , 
 Angew. Chem. Int. Ed.    2006 ,  45 ,  813 .   




