


Fig. 12 SEM images of hollow-fiber PI-[Cu3(BTC),] MMMs: (a,b)
cross section, (c) outer surface, (d) surface of void-like and (e) sponge-
like structure. Reprinted with permission from ref. 105. Copyright 2010
American Chemical Society.

Fig. 13 Change in the gas selectivities of (a) H, and (b) CO, with
respect to other gases as a function of Cu-BTC content (graphics
adapted from ref. 105).

of the carboxylate groups is lost by substituents on the aromatic
core, as small as a chloride atom. This then leads to other topolo-
gies, including the nbo (niobium oxide) one'®!'? (the interplanar
angle between carboxylates is ~90°). Bromine-substitution on
benzene-1,4-dicarboxlyate produces a 90° twist of the

Fig. 14 Selectivities for gas mixtures CO,/CH4 (top) and CO,/N,
(bottom) as a function of CO, permeability for different MMMs
(HKUST-1 = Cu-BTC). Figure reprinted with permission from ref. 106.
Copyright 2011 John Wiley and Sons.

Fig. 15 0O,/N, (top) and H,/CH, (bottom) selectivities as a function of
0O, and H, permeabilities for different MMMs (HKUST-1 = Cu-BTC).
Figure reprinted with permission from ref. 106. Copyright 2011 John
Wiley and Sons.

carboxylate groups and gives an nbo-a net'®!'® as in [Cu(O,C-
CeH;3Br-CO,)] (MOEF-101)."!

MOF particles of Cu-BDC were dispersed in polyvinylacetate
(PVAc) to create 15 wt% Cu-BDC/PVAc MMMs. The perme-
abilities of the gases He, CO,, O,, N, and CH4 through the
MMM increased compared with a pure PVAc polymer mem-
brane. The ideal selectivities from the pure polymer remained
constant in the case of O,/N, and N,/CH, but slightly increased
in the case of He/CHy (212 to 237), CO,/N, (32 to 35) and CO,/
CH,4 (35 to 40).”* The accurately checked permeability trends
from gas to gas and the time lag behavior of the MMMs suggest
that the gases have easy access to the Cu-BDC crystals, that real
mixed-matrix effects are observed and the Cu-BDC/PVAc
MMMs are free of interfacial voids. The large channel window
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Fig. 16 Section of the crystal packing diagram of the 2D network of
[Cu(BDC)(DMF)], viewed (a) along and (b, ¢) perpendicular to the 2D
[Cu(BDC)] 4,4 nets. Each benzene-1.,4-dicarboxylate (BDC) ligand
bridges between two {Cu,} units (CSD-Refcode PUYREH'"’). The
yellow sphere with a radius of 4 A takes into account the van der Waals
radii of the surrounding network atoms. The DMF molecules are dis-
ordered with only one refined position shown. H atoms are not shown.
The 1D channels along a (Fig. 16b,c) are retained upon solvent removal.

of this MOF is likely not ideal for size exclusive molecular
sieving while it performs well in MMMs and shows a high
aspect ratio morphology in MMM cross-sectional images. The
better molecular sieving may result by modifying the organic lin-
kages to restrict channel access which can improve the CO, solu-
bility to further enhanced performance.”

MOF-5 in Matrimid®

MOFEF-5, [Zn,O(BDC)s] (BDC = benzene-1,4-dicarboxylate, tere-
phthalate) is one of the best known and prototypical MOFs,''?
belonging to the IRMOF-n series. MOF-5 is also named
IRMOF-1.""* The structure of MOF-5 with the terephthalate

Fig. 17 Section of the crystal packing diagram of MOF-5 (IRMOF-1).
Six carboxylate groups span the six edges of the {Zn,O} secondary
building unit, a tetrahedron (depicted at left in polyhedral presentation)
in an octahedral fashion to yield the three-dimensional primitive cubic
peu-a'™ or cab'®!'® network''® shown here as ball-and-stick and as
space-filling representation (CSD-Refcodes SAHYIK, SAHYOQ,''?
EDUSIF'"® differing in the solvent-guest molecules, which are not
shown). The yellow sphere with a radius of 5 A takes into account the
van der Waals radii of the framework walls.

linker (BDC) is probably one of the most widely recognized
(Fig. 17). Activated MOF-5 has a high surface area (3000 m* g~")
and high thermal stability (up to 400 °C).

MOF-5 nanocrystals were added to Matrimid® for MMM
preparation.''® Scanning electron microscopy (SEM) images of
the membrane cross-sections revealed significant plastic defor-
mation of the polymer matrix because of the strong affinity
between the MOF-5 and the polyimide. The single gas perme-
abilities of H,, CO,, O,, N, and CH, increased with MOF-5
loadings of 10, 20 and 30 wt%. From the pure polymer, the per-
meabilities of H, increased from 24.4 to 53.8 barrer, those of
CO, from 9.0 to 20.2 barrer, those of O, from 1.90 to 4.1 barrer
at 30 wt% MOF-5 loading. This increase was assigned to the
porosity of the MOF-5 nanocrystals. The permeability increase
was proportional for each gas so that the ideal selectivities
remained constant within experimental error. Binary gas mix-
tures were tested with Matrimid® and 30 wt% MOF-5 in the
polyimide for Hp/CO, (75/25, 50/50 and 25/75), for CO,/CH,4

This journal is © The Royal Society of Chemistry 2012

Dalton Trans., 2012, 41, 14003-14027 | 14015



(50/50 and 10/90) and for N,/CH4 (50/50 and 6/94). Gas ana-
lysis of permeates from the gas mixtures involving CH, revealed
an increase in selectivity for CHy. Starting, for example, with the
50/50 ratios the selectivity was 38.0 for CO,/CH,4 for pure Matri-
mid® which fell to 29.0 for 30 wt% MOF-5 loading. This is
reasoned by the larger solubility of CO, and N, in the polymer
matrix which may favor enhanced CH, transport.''®

ZIF-8 in MMMs

Zeolitic imidazolate frameworks or ZIFs are constructed from
the bridging action of the anionic imidazolate ligand (or some of
its derivatives) between zinc atoms (Fig. 18 and 21). The imida-
zolate function in ZIFs does not tend to form metal clusters,
which could serve as secondary building blocks (SBUs). The
formation of metal clusters as SBUs may be, however, an impor-
tant concept in the formation of MOFs with large and accessible
pore systems. ZIFs are porous but with less open pores than
other MOFs due to smaller pore aperture windows (Fig. 18).
Access in ZIFs is limited to smaller molecules. The ZIF-8,
[Zn(2-methylimidazolate),] pore aperture has a diameter of
3.4 A allowing it to readily absorb small molecules such as H,
and CO,. Topologically, ZIF-8 and ZIF-90 form sodalite frame-
works (Fig. 18 and 21, respectively).'!” ZIF-8 is one of the most
hydrolytically stable PCPs among those studied.''® A recent
study on the diffusivity of various gases in ZIF-8 revealed its
flexible nature and demonstrated interesting molecular sieving
properties, suggesting ZIF-8 as a potential attractive alternative
to traditional synthetic zeolite microporous adsorbents.®’

(a) ZIF-8 in Matrimid®. Ordonez et al. reported the use of
zeolitic imidazolate frameworks (ZIFs) as additives in mixed-
matrix membranes (MMMs).!'? ZIF-8/Matrimid® MMMs with
ZIF loadings up to 80 wt% were prepared. These loadings are
much higher than the typical loadings achieved with selected
zeolite materials. Only at the highest loading did the ZIF-8/
Matrimid® MMM show a loss of mechanical strength, leading
to a decrease in flexibility. The permeability properties of the
prepared MMM were evaluated for H,, CO,, O,, N,, CHy, C5Hg,
and gas mixtures of CO,/CH,4 and H,/CO,. The permeability of
all gases increased with ZIF-8 loading up to 40 wt%. This
increase in permeability is in contrast to results reported by
Moore et al.'*® where a decrease in permeability was observed
with increased additive loading for hybrid membrane materials.
This decrease in permeability was attributed to rigidification of
the polymer matrix. For the Ordonez et al. system, the increase
in permeability up to 40 wt% may be due to the presence of
more polymer free volume created by the addition of ZIF-8
nanoparticles to Matrimid® which increases the distance
between polymer chains. It has been reported that nanoparticles
disrupt chain packing in other glassy polymers leading to
increases in polymer free volume and permeability.'*''** Most
of the gas paiI'S studied (Oz/Nz, CH4/N2, Hz/Oz, H2/COz, Hz/Nz)
show no significant change in the ideal selectivity up to 40 wt%
of ZIF-8 loading. However, higher loadings of 50 and 60 wt% of
ZIF-8 decreased the permeability for all gases and increased
selectivities consistent with the influence of the ZIF additive.
In the case of gas pairs containing small gases, such as H,/O,,
H2/C02, Hz/CH4, COz/CH4, COQ/C:;HS, and Hz/C:;Hg, 50 wt%

Fig. 18 Section of the crystal packing diagram of ZIF-8. 2-Methylimi-
dazolate ligands bridge between individual zinc atoms and span the
edges of the cuboctahedral B-cage in the sodalite network which is
depicted by the blue topological lines connecting the Zn atoms
(CSD-Refcode VELVOY''”). The yellow sphere with a radius of 6 A
highlights the inner pore of the sodalite cage, the orange sphere with a
radius of 1.7 A the pore aperture window of the six-membered rings.
Both spheres take into account the van der Waals radii of the framework
atoms.

of ZIF-8 loading improved the ideal selectivities. This demon-
strated a transition from a polymer-driven to a ZIF-8-controlled
gas transport process, where at higher loadings the sieving effect
of the ZIF-8 nanocrystals becomes dominant. The combination
of ZIF-8 stability at high temperatures and its ability for selective
transport of smaller gas molecules, such as H, and CO,, makes
it a promising material for gas separations at higher pressures
and higher temperatures, conditions at which most industrial gas
separation processes are conducted. The separation performances
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of the gas mixtures H,/CO, (50:50 mol%) and CO,/CHy4
(10: 90 mol%) were evaluated for 50 and 60 wt% ZIF-8/Matri-
mid® MMMs. Both gas mixtures at both ZIF-8 loadings gave
selectivities similar to the ideal selectivities (from single-gas
measurements) when considering the experimental error.''’

On the other hand different sonication powers were applied on
ZIF-8 nanoparticles for the preparation of ZIF-8/Matrimid®
nanocomposite membranes with the aim of investigating the
effect of typical membrane processing conditions on the struc-
ture, the interfacial morphology and the gas separation perform-
ance.'** It was shown that ultrasonication generates significant
changes in the shape, size distribution, and structure of ZIF-8
particles suspended in an organic solvent during membrane pro-
cessing. Although there are significant changes in the particle
morphology, there are only minor losses in crystallinity and
microporosity as proved from powder X-ray diffraction, synchro-
tron X-ray pair distribution function analysis and nitrogen physi-
sorption. Dynamic light scattering and electron microscopy show
that ZIF-8 nanoparticles undergo substantial Ostwald ripening
when subjected to high intensity ultrasonication. Composite
films prepared with both direct (high-intensity) and indirect
(low-intensity) sonication show good adhesion between the
polymer and ZIF-8 phases. However, films prepared using in-
direct sonication exhibit drastic agglomeration of nanoparticles
while direct sonication produced ripened nanoparticles with vari-
able dispersion. The ripened particles give lower pore volumes
and lower surface areas compared to the as-made material.
ZIF-8/Matrimid® composite membranes prepared from the two
different sonication methods show significant differences in
microstructure. Permeation measurements in membranes fabri-
cated with high-intensity sonication show significant enhance-
ment in permeability of CO, and increased CO,/CHy selectivity
with a full correlation with the Maxwell model. In contrast, com-
posite membranes prepared with low-intensity sonication are
found to be defective. The Maxwell model also allows a reliable
estimation of the permeation properties of the ZIF-8 particles
existing in the composite membranes, and they are shown to be
quite different from those obtained using measurements of ZIF-8
crystals, pure ZIF-8 membranes, or computational predictions.'**

Furthermore, in a parallel study as synthesised ZIF-8 nanopar-
ticles (size ~60 nm and specific surface area 1300-1600 m? g~")
were added into a Matrimid® polymer by the solution mixing
method.*® Membranes showed excellent dispersion of nanoparti-
cles (up to loadings of 30 wt%) with good adhesion within the
polymer matrix, as confirmed by scanning electron microscopy,
dynamic mechanical thermal analysis and gas sorption studies.
Permeation was performed for H,, CO,, O,, N, and CHy pure
gases. The gas permeability increases significantly upon increase
of ZIF-8 loading while the selectivity remains largely unchanged
in comparison with the pure polymer membrane. Positron
annihilation lifetime spectroscopy (PALS) indicated that an
increase in the free volume of the polymer with ZIF-8 loading
together with the free diffusion of gas through the cages of
ZIF-8 contributed to an increase in gas permeability of the com-
posite membrane. The experimental data are basically predicted
by the Maxwell model but with deviations that can be associated
with corrections for a small non-ideal distribution of nano-
particles and the influence of ZIF-8 loading on the polymeric
free volume.*®

(b) ZIF-8 in asymmetric Matrimid®. An asymmetric mem-
brane made of Matrimid® and ZIF-8 (or MIL-53(Al), see
below) as a filler showed a higher CO, permeance than the
unfilled membrane in mixed-gas permeation experiments.'®*
MOF fillers with 10 wt%, 20 wt% and 30 wt% were loaded in
Matrimid®. The binary gas mixtures CO,/CH,4 and CO,/N, were
investigated with CO, concentrations from 10 vol% to 75 vol%
and the results were compared to those obtained when the filler
was replaced by [Cus(BTC),]** or MIL-53(Al).'® The per-
meance of the preferentially permeating gas CO, increased with
the filler loading in the binary mixtures in all three cases but the
CO, selectivity slightly increased for [Cuz(BTC),] or MIL-53
(Al) only and remained almost constant in the case of ZIF-8.
At 35 °C and 10 bar for a 35/65 vol% CO,/CH,4 gas mixture a
slight improvement in CO, permeance was noticed when ZIF-8
was used as a filler in comparison with the other two MOFs
(Fig. 19a). Using the same conditions for a CO,/N, gas mixture,
the CO, permeability remained almost constant for all three
MOFs (Fig. 19b). Remarkably the CO,/CHy selectivity aco,c,
dropped linearly when the CO, content increased from 10 to 75
vol% for all three MOFs. The slope of this selectivity drop was
rather independent of the MOF filler content.**'%*

The MOF contribution to the increase in CO, permeance was
assigned to the extra pore network of the MOF fillers.*®1%4
Characterization of the morphology of the MOF-filled mixed-
matrix membranes by scanning electron microscopy cross-section
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Fig. 19 CO, permeance of a binary gas mixture (35/65 vol%) of (a)
CO,/CH, and (b) CO,/N, for three different MOFs fillers in asymmetric
Pl-membranes at 0, 10, 20, 30 wt% loadings (blue, brown, green and
pink bars, respectively), at 35 °C and 10 bar (graphics adapted from
ref. 104).
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images showed that the MOF fillers were well distributed and
embedded in the polymer matrix even for the 30 wt% loaded
membranes. Mechanical properties of the mixed-matix mem-
branes were the same as in the case of [Cu3(BTC),] discussed
above.*®!1%4

(¢) ZIF-8 in poly-(1,4-phenylene ether-ether-sulfone)
(PPEES). Diaz et al. described the preparation of mixed-matrix
membranes made of poly-(1,4-phenylene ether-ether-sulfone)
(PPEES) and ZIF-8. These composite membranes were prepared
using ZIF-8 filler loadings of 10, 20 and 30 wt%. The ZIF-8 par-
ticles size was reduced after sonication as shown by SEM, but
the crystal structure remained unchanged as confirmed by
powder X-ray analysis.'?’

CO, diffusion studies through the pure PPEES and composite
membranes were performed at 6 bar and 298 K, using pulsed
field gradient (PFG) NMR techniques. The heterogeneity evolu-
tion of the diffusion environments as seen by NMR was moni-
tored in terms of the diffusion time and a stretching parameter.
As the filler content increased, the values of the self-diffusion
coefficient also increased from 2.1 x 107® cm? s™' for pure
membranes to 9.3 x 10~ ¢cm? s™' for membranes containing
30 wt% of the filler. The dual-mode model parameters that
describe the transport processes were determined using sorption
and permeation experiments at different pressures. Apparent dif-
fusion coefficients of CO, in the membranes were obtained
directly from the derivatives of the steady flux, expressed in
terms of concentration and pressure, referenced to pressure. They
were also obtained from the time-lag method as well as from the
parameters of the dual-mode model. For pure membranes, the
apparent diffusion coefficients obtained using the above three
methods are in good agreement with the self-diffusion coefficient
obtained by the NMR technique. The self-diffusion coefficients
obtained for composite membranes are approximately doubled
compared to values obtained from permeation and sorption experi-
ments. These differences occur possibly because of Langmuir
sites present in ZIF-8 crystals where adsorption of CO, molecules
can take place, increasing the gas adsorption in the MMMs with
the filler content. The filler contributes to gas permeation by
increasing the gas solubility in the composite membranes.'*®

(d) ZIF-8 alone and in combination with zeolite in poly-
sulfone. Zornoza et al. reported the combination of MOFs and
zeolites for mixed-matrix membranes and their use in the sepa-
ration of CO,/N,, CO,/CHy4, O,/N,, and H,/CH; gas mix-
tures.'% In their work they showed that the combination of
ZIF-8 and silicalite-1 (ZIF-8/S1C-PSF MMM) did not improve
the separation results for either S1C-PSF or ZIF-8-PSF MMMs
towards CO,/CH,4 and CO,/N, gas mixtures (Fig. 14). This may
be due to the relatively large silicalite-1 crystals which could not
be intercalated between small ZIF-8 particles (ca. 100 nm). S1C
also has a lower affinity towards CO,. The highest increase of
CO, permeability was produced by ZIF-8 alone. The textural
properties of ZIF-8 and its smaller particle size, giving rise to
the formation of poorly dispersed aggregates, may contribute to
this increase of CO, permeability.'*®

In the case of the separation of O,/N, and H,/CH,4 gas mix-
tures a ZIF-8-PSF MMM produced the best selectivity—per-
meability results (Fig. 15, ao,n, = 8.3 with P = 2.6 barrer for

O, and oy ey, = 118 with P = 39.8 barrer for Hy). This may be
attributed not only to an increase in free volume (as suggested
for ZIF-8-polyimide MMMs)''? but also to the efficient molecu-
lar separation effect (based on diffusion differences) because of
the small pore hole window of ZIF-8 (3.4 A, 0.34 nm, c¢f
Fig. 18) compared to those of HKUST-1 (6 A, 0.6 nm) and
silicalite-1 (5.5 A, 0.55 nm).'®

(e) ZIF-8 in asymmetric Ultem®. Mixed-matrix dual-layer
hollow-fiber composite (asymmetric) membranes containing the
metal-organic framework ZIF-8 in an Ultem® polymer matrix
were produced through a dry jet-wet quench process. The outer
separating layer of these composite fibers contained 13 wt%
ZIF-8 in the selective skin layer of the asymmetric membrane.
SEM images showed good adhesion between the bulk polymer
and ZIF-8 particles in the membrane. These membranes were
used to evaluate the permeation properties of CO,, N, as single
gases and CO,/N, gas pairs. Post-treated hybrid membranes over
the pure polymer hollow fiber membranes yielded an enhance-
ment in the permeation properties. The prepared hybrid fibers
showed increased permeance with the enhancement of perm-
selectivity as high as 20% over pure polymer. In addition, mixed-
gas transport measurements revealed promising permselectivity
(as high as 32) in the hybrid membranes. The results further
demonstrate that MOFs hold promise as components in MMMs
for large-scale gas separations, such as CO, capture from flue
gas, although the performance of the MMMs studied here is
limited by the relatively low permeability of Ultem®."'%¢

(f) ZIF-8 in 6FDA-DAM. ZIF-8 with particles size of about
200 nm was combined with 6FDA-DAM polyimide to form
mixed-matrix dense films which were used to study the equili-
brium isotherms and sorption kinetics of propylene (C;Hg) and
propane (C;Hg) at 35 °C. The hybrid material showed good
adhesion between 6FDA-DAM and well dispersed ZIF-8
without the presence of unfavorable “sieve in-a-cage” mor-
phology due to the hydrophobic nature of ZIF-8. Clusters of
ZIF-8 with sizes larger than single ZIF-8 crystals were found in
ZIF-8/6FDA-DAM films especially at higher loadings (48 wt%
ZIF-8). Despite the formation of the clusters, substantial
enhancements in C3Hg permeability and C3Hg/C3Hy selectivity
were found in the ZIF-8/6FDA-DAM mixed-matrix membrane
by permeation measurements with pure C3;Hg and C3Hg as well
as an equimolar C3Hg/C3Hg mixture. The permeability of CsHg
and the ideal selectivity of Cs;Hg/CsHg in the mixed-matrix
membrane with 48 wt% ZIF-8 loading were found to be 258%
and 150%, respectively, higher than the pure 6FDA-DAM mem-
brane. Using the Maxwell model, the permeation properties of
ZIF-8 were calculated to a C3Hg permeability of 277 barrer and
a C3H4/C3Hg ideal selectivity of 122. It is suggested that the
combination of the used polymer and ZIF materials has potential
for application in reducing the energy intensity of the C;Hg/
C;Hg separation process.'?’

Z1F-20 in polysulfone (PSF)

The sodalite framework of ZIF-8 (¢f. Fig. 18) is changed to the
zeolite-A (LTA) topology when replacing the imidazolate ligand
by purinate to yield [Zn(purinate),], ZIF-20 (Fig. 20).'*®
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Fig. 20 Section of the crystal packing diagram of ZIF-20. Purinate
ligands bridge between single zinc atoms and span the edges of a cub-
octahedral B-cage in the zeolite-A network which is depicted by blue
topological lines connecting the Zn atoms (CSD-Refcode MIHHAN'2#),
The C/N-atoms in the six-membered heterocycle are disordered. The
yellow sphere with a radius of 6 A highlights the inner pore of the soda-
lite cage, the hexagonal pore aperture window is as seen in ZIF-8 with a
diameter of 3.4 A.

Small and little-agglomerated [Zn(purinate),], ZIF-20 crystals
in 8 wt% ZIF-20/polysulfone mixed-matrix membranes gave
better performance in the separation of an equimolar O,/N,
mixture than the pure polymer. While the O, permeability
showed a small decrease from 1.6 (£0.2) for pure PSF to
1.0 (0.1) barrer for the MMM, the O,/N, selectivity increased
from 4.7 (£0.4) to 6.7 (£0.5). The enhanced sieving effect in the
MMM could be justified by the relatively small difference in
kinetic size between O, (kinetic diameter ¢} = 0.343 nm) and N,
(di = 0.368 nm)."?* Indeed, it has been reported that the charac-
terization of ZIF-20 by N, adsorption is difficult because of its
slow diffusion.'*

ZIF-90 in polyimides (Matrimid®, Ultem® and 6 FDA-DAM)

[Zn(2-carboxyaldehyde imidazolate),], ZIF-90 has the same
sodalite framework topology as ZIF-8 (c¢f. Fig. 18). The 2-
methylimidazolate ligand is simply replaced by a 2-carboxyalde-
hyde imidazolate ligand (compare Fig. 21 and 18).'°
Submicrometer-sized particles of ZIF-90 (ZIF-90A = 0.81 +
0.05 um, ZIF-90B = 2.00 £ 0.06 um) were synthesized by a non-
solvent-induced crystallization technique and used to fabricate
nanocomposite membranes with three different polyimides
[Ultem®, Matrimid®, and 6FDA-DAM (6FDA: 2,2-bis(3,4-car-
boxyphenyl)hexafluoro-propane dianhydride; DAM: diamino-
mesitylene)].** Scanning electron microscopy revealed excellent
adhesion of ZIF-90 crystals with the polyimides without any
surface-compatibilization procedures. Interfacial voids were
absent, and the MOF particles were well dispersed. The transport
properties of the pure-component CO, and CH, gases in mixed-
matrix membranes containing 15 wt% of ZIF-90 particles are
shown in Fig. 22. Mixed-matrix membranes made of Ultem® or

Fig. 21
aldehyde imidazolate ligands bridge between zinc atoms and span the
edges of a sodalite cage which is depicted by the blue topological lines
connecting the Zn atoms (CSD-Refcode WOJGEI'*?). The aldehyde
group is disordered over two positions and the (CHO) H-atom is not
shown. The yellow sphere with a radius of 6 A highlights the inner pore
of the sodalite cage, the hexagonal pore aperture window is as seen in

Section of the crystal packing diagram of ZIF-90. 2-Carboxy-

ZIF-8 with a diameter of 3.4 A.
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Fig. 22 Gas-permeation properties of mixed-matrix membranes con-
taining 15 wt% of ZIF-90 crystals measured with pure gases. Measure-
ments were performed at 35 °C and 4.5 atm upstream pressure for
Ultem® and Matrimid® membranes, and at 25 °C and 2 atm upstream
pressure for 6FDA—DAM membranes (graphics adapted from ref. 85).

Matrimid® showed significant enhancement of CO, per-
meability (e.g., from 1.4 to 2.9 barrer for Ultem®) without any
loss of CO,/CH,4 selectivity (Fig. 22). This also proves the
absence of interfacial defects in the membranes, which otherwise
would have a pronounced opposite effect on the selectivity. In
addition, significant enhancements in both CO, permeability and
CO,/CHy4 selectivity were achieved using mixed-matrix mem-
branes made of the highly permeable polymer 6FDA-DAM.
Membranes containing smaller particles (ZIF-90A) showed
slightly better results (Fig. 22). The ZIF-90/6FDA-DAM mixed-
matrix membranes show performances that clearly exceed the
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Table 2 Permeation properties of mixed-matrix membranes at 25 °C
and 2 atm total feed pressure with a 1:1 CO,/CH; mixture (from
ref. 85)

CO, permeability CO,/CH4
Membranes [barrer] selectivity
Pure 6FDA-DAM 390 24
15 wt% ZIF-90A/6FDA-DAM 720 37
15 wt% ZIF-90B/6FDA-DAM 590 34

polymer upper bound drawn in 1991 for polymer membranes,
and reach the technologically attractive region.®

The permeation properties of both pure 6FDA-DAM and
15 wt% ZIF-90A/6FDA-DAM membranes were investigated for
a CO,/CH4 gas mixture (Table 2) to test the membrane perform-
ance under mixed-gas conditions. The data clearly show an
enhancement of gas-separation performance of the ZIF-90A/
6FDA-DAM membrane. Moreover, the CO,/CH; mixed-gas
selectivity of the ZIF-90 mixed-matrix membrane was even
higher than the ideal selectivity measured by pure gas per-
meation, presumably because of selective sorption and diffusion
of CO, in the ZIF-90 crystals.®

Additionally, the measurement (at 25 °C and 2 atm upstream
pressure) of the pure N, gas permeation on the ZIF-90A/6FDA—
DAM membrane showed an ideal CO,/N, selectivity of 22 as
compared to 14 for pure 6FDA-DAM, indicating a promising
CO, separation from flue gases using the present membranes.®®

Mn(HCOO); in polysulfone (PSF)

Manganese formiate is one of the simple microporous materials
with high framework stability and highly selective gas sorption
properties.'*' Anhydrous manganese(i) formiate, Mn(HCOO),
is obtained by recrystallisation of manganese(i1) formiate dihy-
drate, Mn(HCOO),'H,O from formic acid under solvothermal
conditions. Under ambient conditions the same product in poly-
crystalline form can be prepared from concentrated formic acid.
The asymmetric unit of Mn(HCOO), contains one independent
manganese cation on the special position 4c on a twofold axis
and one formiate group HCOO™ on the general position 8d. The
coordinating oxygen atoms of the formiate ligand differ with
respect to their linkage. While one of the oxygen atoms forms
Wp-oxygen-bridges between neighboring manganese centers, the
other one is mono-coordinating. The coordination of Mn with
oxygen atoms results in the formation of infinite chains of Mn
centers linked by pairs of p,-oxygen-bridges along the a-axis
(Fig. 23). The coordination spheres around the Mn cations can
be described in terms of chains of edge-sharing octahedra.'*
This zeolite-like microporous material made of a simple organic
building block may find useful applications in gas separation and
sensing.

There is only one and rather short report on using
Mn(HCOO), in the polysulfone (PSF) polymer matrix, with no
characterization of the MMM. Gas separation properties of the
membrane were measured with a time-lag apparatus through the
pressure increase method to determine the permeability, diffusion
coefficient and solubility of the single gases Hj, N, O,, CHy
and CO,. The MOF Mn(HCOO), (Fig. 23) in PSF showed high

Fig. 23  Section of the crystal packing diagram of the channel network
of Mn(HCOO),. Each formiate ligand bridges between three manganese
atoms (CSD-refcode IJOMOJ01'3"). The yellow sphere with a radius of
1 A takes into account the van der Waals radii of the framework walls.

adsorption affinity for H, only. Higher loadings reduced the gas
solubility, but increased the permeability, indicating defective
membranes with interfacial voids.'®

MIL-53(Al) in MMMs

Porous metal carboxylates of the MIL-n type (MIL stands for
Materials Institute Lavoisier) contain trivalent metal cations,
such as vanadium(ir), chromium(ir), iron(ur), aluminum(in),
gallium(im) or indium(m). MILs are 3D, porous framework
MOFs with resemblance to zeolite topologies.13 37135 The impor-
tant MIL-type structure [M(BDC)(u-OH)], MIL-53 (Fig. 24) can
contain M = Al(m), Cr(ir) or Fe(ur) with benzene-1,4-dicarboxy-
late (BDC, terephthalate) as the linker.'*®'*? The framework of
MIL-53 is a very flexible, ‘breathing’-type network, that is, it
can assume different shapes and porosities depending on the
guest’s presence or absence interaction.

(a) MIL-53(Al) in asymmetric Matrimid®. An asymmetric
membrane made of Matrimid® and MIL-53(Al) (or ZIF-8, see
above) as a filler showed higher CO, permeance than the
unfilled membrane in mixed-gas permeation experiments.'®*
Matrimid® was loaded with 10, 20 and 30 wt% of MIL-53(Al).
The gas mixtures CO,/CH,4 and CO,/N, were investigated with

14020 | Dalton Trans., 2012, 41, 14003-14027
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(b) MIL-53It, narrow pore

Fig. 24 Section of the packing diagram of [AI(BDC)(u-OH)], MIL-53
with a flexible, ‘breathing’ network adapting to guest molecules. Each
benzene-1,4-dicarboxylate ligand bridges between four Al atoms. The
hydroxido-bridging occurs along the metal chains in the b direction. The
channels can contain guest molecules in the as-synthesized structure
(MIL-53as) (a, guest molecules not shown) or be empty after a thermal
guest removal in the identical activated high-temperature, large pore
structure MIL-53ht. Cooling down to room temperature with adsorption
of water from air then transforms the structure into the low-temperature,
narrow pore form MIL-531t (b). Hydrogen atoms are not shown
(CSD-Refcodes SABVOH'*? and SABWAU'#?).

CO, concentrations from 10 vol% to 75 vol% and the results
were compared to those obtained when the filler was replaced by
[Cus(BTC),]* or ZIF-8. The permeance of the preferentially
permeating gas CO, increased with the filler loading in the gas
mixtures for all three MOFs but the CO, selectivity slightly
increased in the case of [Cuz(BTC),] or MIL-53(Al) only and
remained almost constant in the case of ZIF-8 (Fig. 19a). Using
the same conditions with a CO,/N, gas mixture, the CO, perme-
ability remained almost constant for all three MOFs (Fig. 19b).
The CO,/CHj4 selectivity aco,cu, dropped linearly when the
CO, content increased from 10 to 75 vol% for the three MOFs.
The slope of this selectivity drop was rather independent of the
MOFs filler content.**'%4

(b) NH,-MIL-53(Al) in polysulfone (PSF). Compound NH,-
MIL-53(Al) contains the 2-aminobenzene-1,4-dicarboxylate
linker (NH,-BDC) with the same structure of MIL-53(Al) and
its unsubstituted BDC linker (¢f. Fig. 24).

Zornoza et al. reported the use of the flexible (‘breathing’)
functionalized MOF [NH,-MIL-53(Al)] (¢f. Fig. 24) as an
MMM filler. NH,-MIL-53(Al) is a material based on the well-
known MIL-53 topology.'*® Because of its amino-functionality,

20+ - 50
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Fig. 25 Separation performance of mixed-matrix membranes with
different NH,-MIL-53(Al) MOF loadings at 308 K for the gas mixture
CO,/CH4 = 1: 1 (pressure permeate side pyerm, = 1 bar, pressure retentate
side py = 4 bar), CH4 (black bars) and CO, (white bars) permeability
(left y-axis) and CO,/CH, separation factor (right y-axis).
Figure reprinted from ref. 147. Copyright 2011 Royal Society of
Chemistry.
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this material presents excellent properties for the selective
adsorption of CO,."**'*® Homogeneous micron-sized NH,-
MIL-53(Al) particles were synthesized by microwave radiation
and used to prepare mixed-matrix membranes with PSF Udel®
P-3500. The percentages of MOF loading in the polymer were 8,
16, 25 and 40 wt%. The NH,-MIL-53(Al) particles were homo-
geneously distributed and showed excellent adhesion with the
polysulfone in the membranes without any additional compatibi-
lization. The fabricated MMMSs as well as the pure PSF
membrane were used to investigate the CO,/CH, mixture gas-
permeation properties. MMMs exhibit good separation properties
(Fig. 25). In contrast to most reported membranes, the separation
selectivity of the CO,/CH,4 mixture increased with pressure, due
to the flexibility of the filler.'*” The addition of MOFs induced a
performance similar to the best polymeric membranes and selec-
tivities ten times higher than those reported to date for any pure
MOF membrane.”'“'*%14° The decrease in separation factor at
the 40 wt% MOF mass fraction in Fig. 25 may be indicative of a
defective membrane with cracks.

(¢) NH,-MIL-53(Al) in polyimide (6FDA-ODA). Nanosized
(100-150 nm) AI-MIL-53-NH, crystals in polyimide (6FDA—
ODA) exhibited excellent adhesion without the addition of any
compatibilizing agent. Investigation made for CO,/CH, sepa-
ration showed a high ideal selectivity up to 77, and a high sepa-
ration factor up to 53. The ideal selectivity and separation factor
were found to increase with increasing MOF loading. The pre-
paration process of the MMMs without any additional compat-
ibility agent was easy compared to other inorganic particles such
as zeolites, hence would allow the easy production of hollow
fibers for industrial applications. Moreover the prepared MMMs
showed an improved CO,/CH, separation factor with increasing
pressure, in contrast to traditional polymer membranes.'>® Gas
transport performance over the studied MMMs tend to be above
the Robeson 1991 trade-off limit.** Finally, the separation
factors obtained in this work are improved compared with those
of neat polyimide membranes and the selectivity is believed to
be high enough for industrial applications.'*°

This journal is © The Royal Society of Chemistry 2012
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pentagonal windows and hexagonal windows as largest windows in cages:

Fig. 26 Building blocks for MIL-101, [Cr;O(BDC);(F,OH)(H,0),].
The benzene-1,4-dicarboxylate ligands bridge between trinuclear
{Cr;0} building units. The largest aperture windows (a) of the mesopor-
ous cages (b) which build up the MTN zeolite network are pentagonal
and hexagonal rings. The yellow spheres in the mesoporous cages with
radii of 14.5 or 17 A, respectively, take into account the van der Waals
radii of the framework walls (CSD-Refcode OCUNAK,'®! water-guest
molecules are not shown). The different objects in this figure are not
drawn to scale.

MIL-101(Cr) in polysulfone (PSF)

The crystalline mesoporous material 3D-[Cr;O(BDC);(F,OH)-
(H,0),], MIL-101 is a Cr-terephthalate with inner free cage
diameters up to 34 A and pore aperture windows up to 16 A
(Fig. 26). MIL-101 resembles an augmented MTN zeolite
topology.'>! MIL-101 is one of the most water-stable carboxy-
late MOFs (cf. ZIF-8 above),''® so that it has been recently
investigated for its use as a container for drug delivery?'-'3*!33
or its reversible water uptake for heat transformation
applications.'3*!5°

Polysulfone mixed-matrix membranes containing the water-
stable MIL-101 exhibited a remarkable four-fold increase
in the permeability of O, to technically needed values above
6 barrer, thereby keeping the high PSF selectivity for O, over
N, of 5-6. The O,/N, selectivity remains constant if one con-
siders the large variance (error bars) included in Fig. 27.
High loads up to 19% of MIL-101 in PSF could be achieved
with the MIL-101 particles showing very good adhesion
with polysulfone in the mixed-matrix membranes and excel-
lent long term stability. The comparison of these results
with a compilation from other MOF-containing mixed-matrix
membranes previously reported (Fig. 28) shows that the
MIL-101-PSF membranes exhibit much higher O, perme-
abilities (>4 barrer) than any other MOF-based mixed-matrix
membranes. '
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Fig. 27 0O,/N, permeability and separation performance of pure PSF
and MIL-101-PSF membranes with different MIL wt% loadings
(graphics adapted from ref. 156 with revised MIL-101 wt% values'>").
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Fig. 28 0O,/N, separation performance of MIL-101-PSF mixed-matrix
membranes, compared with the compiled data on MOF containing
mixed-matrix membranes. Blue, pink and green points are the results for
MIL-101-PSF from different membrane thicknesses; letters a—d refer to
the literature numbers for other MOF-MMMs (see legend). The upper
bounds for polymer performances as defined by Robeson in 1991** and
2008* are shown (graphics adapted from ref. 156 with revised wt%
values for the PSF-MIL-101 entries'®’).

Water stability of MOF's

As a note of caution the application of MOFs cannot be dis-
cussed without noting their often low chemical stability. Most
MOFs cannot withstand prolonged contact with water even at
room temperature.''® We and others'® believe that the develop-
ment of hydrolytically stable MOFs is one of the most important
goals to advance them to the application stage. One of the most
hydrolytically stable MOFs among those studied is ZIF-8 [Zn(2-
methylimidazolate),].''® ZIF-8''" (Fig. 18) is remarkably stable
in boiling water in a broad pH range, excluding only strongly
alkaline conditions, and significantly exceeds MIL-101""
(Fig. 26) and Ui0-66.">® MIL-101 and UiO-66 appear to be the
most stable carboxylate MOFs. Recently it has been reported
that heat treatment of IRMOF-1 samples led to the formation of
an amorphous carbon coating on their surface which protected
the framework from decomposition under humid conditions."’
The reason for ZIF-8’s hydrolytic stability is usually associated
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Fig. 29 Cycle stability test of three different Cu-BTC samples through
continuous H,O cycling. The large water uptake of approx. 0.35 g/g
(relative to the reference mass) decreases within 30 cycles to 0.22 g/g,
which is a dramatic loss of stability and sorption capacity of about 37%.
Graphics adapted from ref. 160 with permission from the author. Copy-
right 2010 Elsevier Science.
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Fig. 30 Space-filling presentation of the water-stable MOF [Nis(us3-
BTC),(u4-BTRE),(u-H,0),] with a water-filled potentially porous
volume of 1621 A® or 52% of the unit-cell volume of 3116 A®. The
crystal water in the channels is not shown.'®*

with the higher covalency of the metal-to-ligand bonding in azo-
lates compared to carboxylates and, even more importantly, with
higher hydrophobicity of the framework. Both factors, especially
the second one, are essentially kinetic ones, suggesting that
enhancement of kinetic stability is one of the most interesting
general ways towards more stable MOFs.

In connection with MOF applications little discussion has
been started on their long term stability. The hydrothermal sta-
bility of MOFs is a key and often overlooked issue for their
potential applications in gas storage and separation. MOF-5
(Fig. 17) and the IRMOF-series have low moisture stability,''®
HKUST-1 (Cu-BTC, [Cu3(BTC),]) (Fig. 10) is intermediate but
eventually decomposes (Fig. 29).'®® The MIL compounds, includ-
ing MIL-101">* and ZIF-8, are of higher water stability.''®'®!-!¢2
Also, remarkable enhancement in moisture resistance was
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Fig. 31 Top: Water sorption isotherms for MIL-100(Fe and Al) [M;0-
(BTC),(F,OH)(H,0),] at 25 °C; adsorption in dark, desorption in light
green/red. Bottom: Temperature profile and load signal of the MIL-100-
(Fe) water adsorption cycling experiment, acquired at the water partial
pressure pyxo = 5.6 kPa using argon as a carrier with sample tempera-
tures varying between 40 °C and 140 °C over 40 cycles and 5 h per
cycle.'®® Figure reprinted with permission from the author ref. 166.
Copyright 2012 Royal Society of Chemistry.

demonstrated for carbon-coated IRMOF-1."* In industrial gas
storage and gas separation processes moisture is present and it is
economically not feasible to use completely dry feed gas streams
in order to prevent the MOF from degradation.'®

A water-stable MOF could be obtained with the ligands
benzene-1,3,5-tricarboxylate (BTC) and 1,2-bis(1,2,4-triazol-4-yl)-
ethane (BTRE).'®> The mixed-ligand MOF [Nis(uu3-BTC)s-
(14-BTRE)»(u-H,0),]'** (Fig. 30) shows a porous volume of
52% initially filled with crystal water. The water content of ca.
30 wt% can be reversibly desorbed and adsorbed. A possible
technical application for water-stable MOFs besides gas storage
and separation is the reversible hydration/dehydration for heat
transformation in adsorption chillers or heat pumps,''®!33-165-169

The water stability is more and more specifically addressed
and quantified through water sorption isotherms and water sorp-
tion cycling experiments as was recently done for MIL-101'°
and MIL-100(Cr, Fe and Al) [M;0(BTC),(FOH)(H,0),]'**'¢’
(Fig. 31). Samples are, for example, exposed to a humidified gas
flow, with a chosen partial water vapor pressure, with sample
temperatures varying, e.g., between 40 °C and 140 °C for a
number of cycles. Additionally, BET surface and powder diffrac-
tion measurements can be performed in order to investigate the
change of porosity and crystallinity, respectively.'®®

This journal is © The Royal Society of Chemistry 2012
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Conclusions

Mixed-matrix membranes with metal-organic frameworks as
additives (fillers) show good MOF-polymer adhesion, often
have improved permeabilities due to the MOF porosity and
sometimes also better selectivities compared to the pure
polymer. Polyimides (Matrimid®) and polysulfones are, so far,
the most investigated polymers for MOF-MMMs. MOF-MMMs
can be prepared almost as easily as pure polymer membranes in
a defect-free state which is a great advantage over pure MOF or
inorganic zeolite membranes. MOF-polymer MMMs allow for
an easier synthesis and handability compared to pure MOF
membranes. Experimental results confirm that MOF-MMMs
show higher separation performance at least concerning per-
meability over pure polymer membranes in gas mixtures sepa-
ration. Although, one has to admit that little or no enhancements
in separation efficiency (selectivity) is mostly unattractive for
industrial gas separations.

Quite interesting is the use of ZIF-90-6FDA-DAM for the
separation of CO,/CH,4 gas mixtures [see above the paragraph on
“ZIF-90 in polyimides (Matrimid®, Ultem® and 6FDA-—
DAM)”] with enhancements in both CO, permeability and CO,/
CH,4 selectivity achieved using mixed-matrix membranes made
of the highly permeable polymer 6FDA-DAM. Performances of
such ZIF-90/6FDA-DAM membranes exceed the polymer upper
bound drawn in 1991 for polymer membranes, and reach the
technologically attractive region.®® ZIF-8 was also broadly used
for MMMs and generally gives impressive separation perform-
ance (see above). Clearly, MOF-MMMs are promising next-
generation membranes for gas separation. But, developments on
the fabrication and application of MMMs containing inorganic
(MOF) particles for gas separation are still quite low compared
to those for pure polymeric membranes. This presents a chance
for future research directions. For example, successfully
improved performances using the mixed-matrix concept are
limited to a close range of gas separations. Also, few studies
have been done on industrially applicable membrane morpho-
logies [e.g., asymmetric (thin-film composite) membranes]. The
latter may be due to the lack of sufficient experience on the
separation properties and synthesis conditions of mixed-matrix
membrane materials.

A direction for the next-generation MOF-MMMs may be to
produce nano-sized fillers, without agglomeration, and to corre-
late their separation properties. In addition, a consistent and
industrially qualified MMM for a specific separation demands
good and in-depth understanding of the separation mechanisms
in this hybrid material. Established technologies are available for
understanding the separation properties of the pure polymer
matrix. However, the rate of progress in understanding the sepa-
ration properties of inorganic materials drops behind that of
polymer membranes. This is the reason why a projectable in-
organic material selection currently represents somewhat of a
problem. Therefore, a standard and consistent approach is really
needed to identify the separation properties of inorganic
materials. At the interface between the polymer and inorganic or
here MOF particles there is a further complicating phase bound-
ary which makes prediction of the MMM performance difficult.
Inorganic particles could be isolated from the transport process
at the defects interface and the chain immobilization and pore

blockage around the interface region may possibly lower the
permeability. Intensive investigation is needed to assign the
mechanisms behind these phenomena. The effects of particle
size and geometry, their pore size and geometry, and the
polymer/particle interface need to be examined.

Crucial permeability—selectivity factors worth further investi-
gations are, inter alia, MOF content, MOF (nano)size and dis-
persion, functional gas-binding groups in the MOF (e.g. amines
for CO,), water-stability of MOF-fillers as well as mixed-gases
with different volume fractions instead of single gases. As inves-
tigations on high value-added separations with MMMs are
limited to few gases and mixtures there is potential for additional
gas investigation. Compared to the broad range of separations
carried out by pure polymer membranes, examples with
MOF-MMMs are still quite minimal. We hope that this collec-
tion of MOF-MMM articles will inspire researchers, stimulate
new ideas and advance the field. The future of MOF-MMMs as
an integral part of membrane science seems to have, indeed, just
begun.

Acknowledgements

Our work (CJ) is supported by the Anton-Betz foundation.

Notes and references

1 S. Kitagawa and R. Matsuda, Coord. Chem. Rev., 2007, 251,
2490-2509; T. K. Maji and S. Kitagawa, Pure Appl. Chem., 2007, 79,
2155-2177.

2 C. Janiak, Dalton Trans., 2003, 2781-2804.

3 C. Janiak and J. K. Vieth, New J. Chem., 2010, 34, 2366-2388.

4 J. R. Long and O. M. Yaghi, Chem. Soc. Rev., 2009, 38, 1213-1214.
Introduction in 2009 special MOF issue.

5 K. Biradha and M. J. Zaworotko, New J. Chem., 2010, 34, 2353-2356.
Introduction in 2010 special MOF issue.

6 K. Hindson, Eur J. Inorg. Chem., 2010, 3683; S. Kitagawa and
S. Natarajan, Eur. J. Inorg. Chem., 2010, 3685. Introduction in 2010
MOF special issue.

7 H.-C. Zhou, J. R. Long and O. M. Yaghi, Chem. Rev., 2012, 112,
673-674. Editorial to 2012 MOF special issue.

8 N. Stock and S. Biswas, Chem. Rev., 2012, 112, 933-969.

9 M. O’Keefte, Chem. Soc. Rev., 2009, 38, 1215-1217.

10 M. O’Keeffe and O. M. Yahi, Chem. Rev., 2012, 112, 675-702.

11 A. U. Czaja, N. Trukhan and U. Miiller, Chem. Soc. Rev., 2009, 38,
1284-1293.

12 G. Férey, Dalton Trans., 2009, 4400-4415; M. J. Prakash and
M. S. Lah, Chem. Commun., 2009, 3326-3341.

13 L. J. Murray, M. Dinca and J. R. Long, Chem. Soc. Rev., 2009, 38,
1294-1314; R. E. Morris and P. S. Wheatley, Angew. Chem., Int. Ed.,
2008, 47, 4966-4981.

14 J.-R. Li, R. J. Kuppler and H.-C. Zhou, Chem. Soc. Rev., 2009, 38,
1477-1504.

15 M. P. Suh, Y. E. Cheon and E. Y. Lee, Coord. Chem. Rev., 2008, 252,
1007-1026; C. J. Kepert, Chem. Commun., 2006, 695-700.

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

17 T. Diiren, Y.-S. Bae and R. Q. Snurr, Chem. Soc. Rev., 2009, 38, 1237—
1247; S. S. Han, J. L. Mendoza-Cortés and W. A. Goddard III, Chem.
Soc. Rev., 2009, 38, 1460-1476; R. B. Getman, Y.-S. Bae, C. E. Wilmer
and R. Q. Snurr, Chem. Rev., 2012, 112, 703-723.

18 M. Fischer, M. Sartor and M. Froba, Nachr. Chem., 2010, 58, 1003—
1007; S. Ma, D. Sun, M. Ambrogio, J. A. Fillinger, S. Parkin and
H. C. Zhou, J. Am. Chem. Soc., 2007, 129, 1858; J.-R. Li, J. Sculley
and H.-C. Zhou, Chem. Rev., 2012, 112, 869-932.

19 J.-R. Li, Y. Ma, M. C. McCarthy, J. Sculley, J. Yu, H.-K. Jeong,
P. B. Balbuena and H.-C. Zhou, Coord. Chem. Rev., 2011, 255,
1791-1823.

14024 | Dalton Trans., 2012, 41, 14003-14027

This journal is © The Royal Society of Chemistry 2012



20

2

—_

22

23

24

25

26

27

28

29

30

3

32

33

34

35

36

37

38
39

48

49

50

51

J. Reboul, S. Furukawa, N. Horike, M. Tsotsalas, K. Hirai, H. Uchara,
M. Kondo, N. Louvain, O. Sakata and S. Kitagawa, Nat. Mater., 2012,
11, 717-723.

G. Férey, Chem. Soc. Rev., 2008, 37, 191-214; P. Horcajada, R. Gref,
T. Baati, P. K. Allan, G. Maurin, P. Couvreur, G. Férey, R. E. Morris and
C. Serre, Chem. Rev., 2012, 112, 1232-1268.

M. R. Lohe, K. Gedrich, T. Freudenberg, E. Kockrick, T. Dellmann and
S. Kaskel, Chem. Commun., 2011, 47, 3075-3077.

G. J. Halder, C. J. Kepert, B. Moubaraki, K. S. Murray and
J. D. Cashion, Science, 2002, 298, 1762; A. Bétard and R. A. Fischer,
Chem. Rev., 2012, 112, 1055-1083.

Y. Takashima, V. M. Martinez, S. Furukawa, M. Kondo, S. Shimomura,
H. Uehara, M. Nakahama, K. Sugimoto and S. Kitagawa, Nat.
Commun., 2011, 2, article number: 168.

J.-Y. Lee, O. K. Farha, J. Roberts, K. A. Scheidt, S. T. Nguyen and
J. T. Hupp, Chem. Soc. Rev., 2009, 38, 1450-1459; L. Ma, C. Abney
and W. Lin, Chem. Soc. Rev., 2009, 38, 1248-1256; D. Farrusseng,
S. Aguado and C. Pinel, Angew. Chem., Int. Ed., 2009, 48, 7502-7513;
M. Yoon, R. Srirambalaji and K. Kim, Chem. Rev., 2012, 112, 1196—
1231.

M. Meilikhov, K. Yusenko, D. Esken, S. Turner, G. Van Tendeloo and
R. A. Fischer, Eur. J. Inorg. Chem., 2010, 3701-3714.

P. Falcaro, A. J. Hill, K. M. Nairn, J. Jasieniak, J. 1. Mardel,
T. J. Bastow, S. C. Mayo, M. Gimona, D. Gomez, H. J. Whitfield,
R. Ricco, A. Patelli, B. Marmiroli, H. Amenitsch, T. Colson,
L. Villanova and D. Buso, Nat. Commun., 2011, 2, article number: 237.

T. Uemura, N. Yanai and S. Kitagawa, Chem. Soc. Rev., 2009, 38,
1228-1236.

C. M. Doherty, E. Knystautas, D. Buso, L. Villanova, K. Konstas,
A. J. Hill, M. Takahashif and P. Falcaro, J. Mater. Chem., 2012, 22,
11470-11474.

K. Zagorodniy, G. Seifert and H. Hermann, Appl. Phys. Lett., 2010, 97,
251905 (1-2).

M. D. Allendorf, C. A. Bauer, R. K. Bhakta and R. J. T. Houk, Chem.
Soc. Rev., 2009, 38, 1330-1352; Y. Cui, Y. Yue, G. Qian and B. Chen,
Chem. Rev., 2012, 112, 1126-1162.

O. R. Evans and W. Lin, Acc. Chem. Res., 2002, 35, 511-522; C. Wang,
T. Zhang and W. Lin, Chem. Rev., 2012, 112, 1084—1104.

M. Kurmoo, Chem. Soc. Rev., 2009, 38, 1353-1379.

O. M. Yaghi, M. O’Keeffe, N. W. Ockwig, H. K. Chae, M. Eddaoudi
and J. Kim, Nature, 2003, 423, 705-714; S. Horike, S. Shimomura and
S. Kitagawa, Nat. Chem., 2009, 1, 695-704.

O. K. Farha, A. O. Yazaydin, I. Eryazici, C. D. Malliakas, B. G. Hauser,
M. G. Kanatzidis, S. T. Nguyen, R. Q. Snurr and J. T. Hupp, Nat.
Chem., 2010, 2, 944-948.

S. Cohen, Chem. Sci., 2010, 1, 32-36; S. M. Cohen, Chem. Rev., 2012,
112, 970-1000.

R. J. Kuppler, D. J. Timmons, Q. R. Fang, J. R. Li, T. A. Makal,
M. D. Young, D. Q. Yuan, D. Zhao, W. J. Zhuang and H. C. Zhou,
Coord. Chem. Rev., 2009, 253, 3042-3066.

W. J. Koros and R. Mahajan, J. Membr. Sci., 2000, 175, 181-196.

K. Ohlrogge and K. Stiirken, Membrane Technology in the Chemical
Industry, ed. S. P. Nunez and K.-V. Peinemann, Wiley-VCH, Weinheim,
2001.

R. W. Baker, Ind. Eng. Chem. Res., 2002, 41, 1393—1411.

BORSIG Membrane Technology GmbH, http:/www.borsig-china.com/
#productrecovery

Sulzer Chemtech AG, www.sulzerchemtech.com.

H. Strathmann, AIChE J., 2001, 47, 1077-1087.

L. M. Robeson, J. Membr. Sci., 1991, 62, 165-185.

L. M. Robeson, J. Membr: Sci., 2008, 320, 390-400.

S. Basu, A. Cano-Odena and 1. F. J. Vankelecom, J. Membr: Sci., 2010,
362, 478-487.

T. S. Chung, L. Y. Jiang, Y. Li and S. Kulprathipanja, Prog. Polym. Sci.,
2007, 32, 483-507.

H. B. Park, S. H. Han, C. H. Jung, Y. M. Lee and A. J. Hill, J. Membr.
Sci., 2010, 359, 11-24.

H. Strathmann, Introduction to Membrane Science and Technology,
Wiley-VCH, 2011. ch. 4.3.

H. Strathmann, Introduction to Membrane Science and Technology,
Wiley-VCH, 2011. ch. 3.3.2, p. 114.

A. Julbe, Zeolite membranes — synthesis, characterization and
application, in Introduction to Zeolite Science and Practice, ed.
J. Cejka, H. Bekkum, A. Corma, F. Schiith, Elsevier B.V,, 3rd edn,
2007, p. 181.

52

53

54

55

56
57

58
59
60
61
62
63

64

65

66

67

69

70

71

73

74

75

76

77

78

79

80

81

82

84

85

86

87

88

G. Saracco, H. W. J. P. Neomagus, G. F. Versteeg and W. P. M. van
Swaaij, Chem. Eng. Sci., 1999, 54, 1997-2017.

T. C. Merkel, B. D. Freeman, R. J. Spontak, Z. He, 1. Pinnau, P. Meakin
and A. J. Hill, Science, 2002, 296, 519-522.

Q. Hu, E. Marand, S. Dhingra, D. Fritsch, J. Wen and G. Wilkes,
J. Membr. Sci., 1997, 135, 65-79.

C. M. Zimmerman, A. Singh and W. J. Koros, J. Membr. Sci., 1997,
137, 145-154.

R. Mahajan and W. J. Koros, /nd. Eng. Chem. Res., 2000, 39, 2692-2696.
L. Y. Jiang, T. S. Chung, C. Cao, Z. Huang and S. Kulprathipanja,
J. Membr. Sci., 2005, 252, 89-100.

S. Keskin and D. S. Sholl, Energy Environ. Sci., 2010, 3, 343-351.

R. Babarao and J. Jiang, Langmuir, 2008, 24, 5474-5484.

C. Chmelik, J. Karger, M. Wiebcke, J. Caro, J. M. van Baten and
R. Krishna, Microporous Mesoporous Mater., 2009, 117, 22-32.

Y. H. Jhon, M. Cho, H. R. Jeon, I. Park, R. Chang, J. L. C. Rowsell and
J. Kim, J. Phys. Chem. C, 2007, 111, 16618-16625.

A. L. Skoulidas and D. S. Sholl, J. Phys. Chem. B, 2005, 109, 15760—
15768.

T. Watanabe, S. Keskin, S. Nair and D. S. Sholl, Phys. Chem. Chem.
Phys., 2009, 11, 11389-11394.

S. Keskin, J. Liu, J. K. Johnson and D. S. Sholl, Microporous Meso-
porous Mater., 2009, 125, 101-106; S. Keskin and D. S. Sholl, J. Phys.
Chem. C, 2007, 111, 14055-14059; S. Keskin and D. S. Sholl, /nd.
Eng. Chem. Res., 2009, 48, 914-922; S. Keskin and D. S. Sholl,
Langmuir, 2009, 25, 11786-11795.

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

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
and E. Sivaniah, Energy Environ. Sci., 2012, 5, 8359-8369.

J. H. Petropoulos, J. Polym. Sci., 1985, 23, 1309-1324.

R. Pal, J. Colloid Interface Sci., 2008, 317, 191-198.

J. C. Maxwell, Treatise on Electricity and Magnetism, Oxford Univer-
sity Press, London, 1873.

R. H. B. Bouma, A. Checchetti, G. Chidichimo and E. Drioli, J. Membr:
Sci., 1997, 128, 141-149.

G. Banhegyi, Colloid Polym. Sci., 1986, 264, 1030-1050.

D. Q. Vu, W. J. Koros and S. J. Miller, J. Membr. Sci., 2003, 211,
335-348.

W. C. Madden, The Performance of Hollow Fiber Gas Separation Mem-
branes in the Presence of an Aggressive Feed Stream, PhD thesis,
Georgia Institute of Technology, 2005.

R. Adams, C. Carson, J. Ward, R. Tannenbaum and W. Koros, Micro-
porous Mesoporous Mater., 2010, 131, 13-20.

(a) T. T. Moore and W. J. Koros, J. Mol. Struct., 2005, 739, 87-98;
(b) R. Mahajan and W. J. Koros, Polym. Eng. Sci., 2002, 42,
1420-1431.

Y. Li, . S. Chung, C. Cao and S. Kulprathipanja, J. Membr. Sci., 2005,
260, 45-55.

B. D. Reid, F. A. Ruiz-Trevino, I. H. Musselman, K. J. Balkus Jr. and
J. P. Ferraris, Chem. Mater., 2001, 13, 2366-2376.

S. Kim and E. Marand, Microporous Mesoporous Mater., 2008, 114,
129-136.

N. B. McKeown and P. M. Budd, Chem. Soc. Rev., 2006, 35, 675;
N. B. McKeown and P. M. Budd, Macromolecules, 2010, 43, 5163;
N. B. McKeown and P. M. Budd, Polym. Chem., 2010, 1, 63.

W. F. Yonga, F. Y. Li, Y. C. Xiao, P. Li, K. P. Pramoda, Y. W. Tong and
T. S. Chung, J. Membr. Sci., 2012, 4-07-408, 47-57.

J. Ahn, W.-J. Chung, 1. Pinnau, J. Song, N. Duc, G. P. Robertson and
M. D. Guiver, J. Membr. Sci., 2010, 346, 280-287.

R. D. Noble, J. Membr. Sci., 2011, 378, 393-397.

D. Liu and C. Zhong, J. Mater. Chem., 2010, 20, 10308-10318.

S. T. Meek, J. A. Greathouse and M. D. Allendorf, Adv. Mater., 2011,
23, 249-267.

T.-H. Bae, J. S. Lee, W. Qju, W. J. Koros, C. W. Jones and S. Nair,
Angew. Chem., Int. Ed., 2010, 49, 9863-9866.

H. Yehia, T. J. Pisklak, J. P. Ferraris, K. J. Balkus Jr.
1. H. Musselman, Polym. Prepr., 2004, 45, 35-36.

E. Haldoupis, S. Nair and D. S. Sholl, J. 4m. Chem. Soc., 2010, 132,
7528-7539.

(a) Y. Y. Liu, Z. FE Ng, E. A. Khan, H. K. Jeong, C. B. Ching and
Z. P. Lai, Microporous Mesoporous Mater., 2009, 118, 296-301;
(b) Y. Yoo, Z. Lai and H.-K. Jeong, Microporous Mesoporous Mater.,
2009, 123, 100-106.

and

This journal is © The Royal Society of Chemistry 2012

Dalton Trans., 2012, 41, 14003-14027 | 14025



89

90
91

92

93

94

95
96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

H. L. Guo, G. S. Zhu, L. J. Hewitt and S. L. Qiu, J. Am. Chem. Soc.,
2009, 131, 1646-1647.

R. Ranjan and M. Tsapatsis, Chem. Mater., 2009, 21, 4920-4924.

(a) H. Bux, E. Y. Liang, Y. S. Li, J. Cravillon, M. Wiebcke and J. Caro,
J. Am. Chem. Soc., 2009, 131, 16000-16001; (b) S. R. Venna and M.
A. Carreon, J. Am. Chem. Soc., 2010, 132, 76-78; (c¢) M. C. McCarthy,
V. Varela-Guerrero, G. V. Barnett and H.-K. Jeong, Langmuir, 2010, 26,
14636-14641.

X. Zou, F. Zhang, S. Thomas, G. Zhu, V. Valtchev and S. Mintova,
Chem.—Eur. J., 2011, 17, 12076-12083.

Y. Pan, T. Li, G. Lestari and Z. Lai, J. Membr. Sci., 2012, 390-391,
93-98.

S. Noro, S. Kitagawa, M. Kondo and K. Seki, Angew. Chem., Int. Ed.,
2000, 39, 2082-2084.

H. B. Tanh Jeazet, C. Staudt and C. Janiak, unpublished work.

Y. Zhang, I. H. Musselman, J. P. Ferraris and K. J. Balkus Jr., J. Membr.
Sci., 2008, 313, 170-181.

S. S.-Y. Chui, S. M.-E. Lo, J. P. H. Charmant, A. G. Orpen and
1. D. Williams, Science, 1999, 283, 1148-1150.

Other syntheses of Cu-BTC: Q. M. Wang, D. Shen, M. Bulow,
M. L. Lau, S. Deng, F. R. Fitch, N. O. Lemcoff and J. Semanscin,
Microporous Mesoporous Mater., 2002, 55, 217-230; K. Schlichte,
T. Kratzke and S. Kaskel, Microporous Mesoporous Mater., 2004, 73,
81-88.

M. Kéberl, M. Cokoja, W. A. Herrmann and F. E. Kithn, Dalton Trans.,
2011, 40, 6834-6859.

D. J. Collins and H.-C. Zhou, J. Mater. Chem., 2007, 17, 3154-3160;
X. Lin, J. Jia, P. Hubberstey, M. Schroder and N. R. Champness, Cryst-
EngComm, 2007, 9, 438-448.

M. Dinca and J. R. Long, Angew. Chem., Int. Ed., 2008, 47, 6766—
6779.

B. Panella, M. Hirscher, H. Putter and U. Miiller, Adv. Funct. Mater:,
2006, 16, 520-524.

A. Car, C. Stropnik and K. V. Peinemann, Desalination, 2006, 200,
424-426.

S. Basu, A. Cano-Odena and I. F. J. Vankelecom, Sep. Purif. Technol.,
2011, 81, 31-40.

J. Hu, H. Cai, H. Ren, Y. Wei, Z. Xu, H. Liu and Y. Hu, Ind. Eng.
Chem. Res., 2010, 49, 12605-12612.

B. Zornoza, B. Seoane, J. M. Zamaro, C. Téllez and J. Coronas, Chem-
PhysChem, 2011, 12, 2781-2785.

C. G. Carson, K. Hardcastle, J. Schwartz, X. Liu, C. Hoffmann,
R. A. Gerhardt and R. Tannenbaum, Eur. J. Inorg. Chem., 2009, 338—
2343.

J. Tao, X. Yin, R. Huang, L. Zheng and S. N. Weng, Inorg. Chem.
Commun., 2002, 5, 975-977.

M. Eddaoudi, J. Kim, D. Vodak, A. Sudik, J. Wachter, M. O’Keeffe and
O. M. Yaghi, Proc. Natl. Acad. Sci. U. S. A., 2002, 99, 4900-4904.

(a) O. Delgado Friedrichs, M. O’Keeffe and O. M. Yaghi, Acta Crystal-
logr., Sect. A: Found. Crystallogr., 2003, 59, 22-27; (b) M. O’Keeffe,
M. A. Peskov, S. J. Ramsden and O. M. Yaghi, Acc. Chem. Res., 2008,
41, 1782-1789.

M. Eddaoudi, J. Kim, M. O’Keeffe and O. M. Yaghi, J. A4m. Chem.
Soc., 2002, 124, 376-377.

H. Li, M. Eddaoudi, T. L. Groy, M. O’Keeffe and O. M. Yaghi, Nature,
1999, 402, 276-279.

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

The augmented “—a” notation refers to a net where the simple point
vertices of the original pcu net are replaced by vertex figures (poly-
hedron or polygon), here by an octahedron.

The B atoms in CaBg4 form such octahedra which as vertices are con-
nected to a pcu-a net. Hence, cab is an alternative symbol for pcu-a.

E. V. Perez, K. J. Balkus Jr., J. P. Ferraris and I. H. Musselman,
J. Membr. Sci., 2009, 328, 165-173.

X.-C. Huang, Y.-Y. Lin, J.-P. Zhang and X.-M. Chen, Angew. Chem.,
Int. Ed., 2006, 45, 1557-1559; K. S. Park, Z. Ni, A. P. Coté, J. Y. Choi,
R. Huang, E J. Uribe-Romo, H. K. Chae, M. O’Keeffe and
O. M. Yaghi, Proc. Natl. Acad. Sci. U. S. 4., 2006, 103, 10186-10191.
J. J. Low, A. L. Benin, P. Jakubczak, J. F. Abrahamian, S. A. Faheem
and R. R. Willis, J. Am. Chem. Soc., 2009, 131, 15834—15842.

M. J. C. Ordonez, K. J. Balkus Jr., J. P. Ferraris and 1. H. Musselman,
J. Membr: Sci., 2010, 361, 28-37.

T. T. Moore, R. Mahajan, D. Q. Vu and W. J. Koros, AIChE J., 2004,
50, 311-321.

121

122

123

124

125

126

127

128

129

130

131

132

133
134

135

136

137

13

o0

139

140

14

—

142

143

144

145

146

147

148

149

150

151

152

T. C. Merkel, B. D. Freeman, R. J. Spontak, I. Pinnau, Z. He, A. J. Hill
and P. Maekin, Chem. Mater., 2003, 15, 109—123.

J. Ahn, W. J. Chung, I. Pinnau and M. D. Guiver, J. Membr: Sci., 2008,
314, 123-133.

S. Matteucci, V. A. Kusuma, S. D. Kelman and B. D. Freeman,
Polymer, 2008, 49, 1659-1675.

J. A. Thompson, K. W. Chapman, W. J. Koros, C. W. Jones and S. Nair,
Microporous Mesoporous Mater., 2012, 158, 292-299.

K. Diaz, L. Garrido, M. Lopez-Gonzalez, L. F. del Castillo and
E. Riande, Macromolecules, 2010, 43, 316-325.

Y. Dai, J. R. Johnson, O. Karvan, D. S. Sholl and W. J. Koros,
J. Membr. Sci., 2012, 401-402, 76-82.

C. Zhang, Y. Dai, J. R. Johnson, O. Karvan and W. J. Koros, J. Membr.
Sci., 2012, 389, 34-42.

H. Hayashi, A. P. Coté, H. Furukawa, M. O’Keeffe and O. M. Yaghi,
Nat. Mater., 2007, 6, 501-506.

B. Seoane, J. M. Zamaro, C. Téllez and J. Coronas, RSC Adv., 2011, 1,
917-922.

W. Morris, C. J. Doonan, H. Furukawa, R. Banerjee and O. M. Yaghi,
J. Am. Chem. Soc., 2008, 130, 12626—-12627.

D. N. Dybtsev, H. Chun, S. H. Yoon, D. Kim and K. Kim, J. A4m.
Chem. Soc., 2004, 126, 32-33.

M. Viertelhaus, H. Henke, C. E. Anson and A. K. Powell, Eur. J. Inorg.
Chem., 2003, 2283-2289.

G. Férey, J. Solid State Chem., 2000, 152, 37-48.

S. Surble, F. Millange, C. Serre, G. Férey and R. 1. Walton, Chem.
Commun., 2006, 1518-1520.

C. Serre, F. Millange, S. Surble and G. Férey, Angew. Chem., Int. Ed.,
2004, 43, 6286-6289.

[Cr(uy-BDC)(u-OH)], MIL-53, 3D-[Cr(uy-BDC)(1-OH)]-H,O, MIL-53-
monohydrate and 3D-[Cr(uy-BDC)(u-OH)]-3bdcH,, MIL-53-tris(ter-
ephthalic acid): C. Serre, F. Millange, C. Thouvenot, M. Nogues,
G. Marsolier, D. Louer and G. Férey, J. Am. Chem. Soc., 2002, 124,
13519-13526.

[Cr(uy-BDC)(u-OH)], MIL-53 and [Cr(us-BDC)(u-OH)]-3BDCH,,
MIL-53-tris(terephthalic acid): F. Millange, C. Serre and G. Férey,
Chem. Commun., 2002, 822—-823.

[Fe(uy-BDC)(u-OH)], MIL-53-Fe: F. Millange, N. Guillou, R. I. Walton,
J.-M. Greneche, 1. Margiolaki and G. Férey, Chem. Commun., 2008,
4732-4734.

[Al(uy-BDC)(u-OH)]-guest, MIL-53-0-, m-, p-xylene or o-cymene:
L. Alaerts, M. Maes, L. Giebeler, P. A. Jacobs, J. A. Martens,
J. F. M. Denayer, C. E. A. Kirschhock and D. E. De Vos, J. Am. Chem.
Soc., 2008, 130, 14170-14178.

[Fe(ny-bde-NH,)(u-OH)]-bdeH,-NH,, Fe-MIL-53-NH, (2-aminotereph-
thalic acid): S. Bauer, C. Serre, T. Devic, P. Horcajada, J. Marrot,
G. Férey and N. Stock, /norg. Chem., 2008, 47, 7568-7576.
[Al(uy-bdc)(u-OH)]-ferrocene, MIL-53(Al)-ferrocene clathrate:
M. Meilikhov, K. Yusenko and R. A. Fischer, Dalton Trans., 2009,
600-602.

T. Loiseau, C. Serre, C. Huguenard, G. Fink, F. Taulelle, M. Henry,
T. Bataille and G. Ferey, Chem.—Eur. J., 2004, 10, 1373-1382.

S. Couck, J. F. M. Denayer, G. V. Baron, T. Remy, J. Gascon and
F. Kapteijn, J. Am. Chem. Soc., 2009, 131, 6326-6327.

S. Couck, T. Remy, G. V. Baron, J. Gascon, F. Kapteijn and
J. E. M. Denayer, Phys. Chem. Chem. Phys., 2010, 12, 9413-9418.

A. Boutin, S. Couck, F-X. Coudert, P. Serra-Crespo, J. Gascon,
F. Kapteijn, A. H. Fuchs and J. E. M. Denayer, Microporous Mesoporous
Mater., 2011, 140, 108-113.

E. Stavitski, E. A. Pidko, S. Couck, T. Remy, E. J. M. Hensen,
B. M. Weckhuysen, J. Denayer, J. Gascon and F. Kapteijn, Langmuir,
2011, 27, 3970-3976.

B. Zornoza, A. Martinez-Joaristi, P. Serra-Crespo, C. Tellez, J. Coronas,
J. Gascon and F. Kapteijn, Chem. Commun., 2011, 47, 9522-9524.

S. Aguado, C.-H. Nicolas, V. Moizan-Basle, C. Nieto, H. Amrouche,
N. Bats, N. Audebrand and D. Farrusseng, New J. Chem., 2011, 35, 41-44.
Y.-S. Li, E-Y. Liang, H. Bux, A. Feldhoff, W.-S. Yang and J. Caro,
Angew. Chem., Int. Ed., 2010, 49, 548-551.

X. Y. Chen, H. Vinh-Thang, D. Rodrigue and S. Kaliaguine, /nd. Eng.
Chem. Res., 2012, 51, 6895-6906.

G. Férey, C. Mellot-Draznieks, C. Serre, F. Millange, J. Dutour,
S. Surble and 1. Margiolaki, Science, 2005, 309, 2040-2042.

P. Horcajada, C. Serre, M. Vallet-Regi, M. Sebban, F. Taulelle and
G. Férey, Angew. Chem., Int. Ed., 2006, 45, 5974-5978; M. Vallet-Regi,
F. Balas and D. Arcos, Angew. Chem., Int. Ed., 2007, 46, 7548.

14026 | Dalton Trans., 2012, 41, 14003-14027

This journal is © The Royal Society of Chemistry 2012



153 P. Horcajada, T. Chalati, C. Serre, B. Gillet, C. Sebrie, T. Baati,
J. F. Eubank, D. Heurtaux, P. Clayette, C. Kreuz, J.-S. Chang,
Y. K. Hwang, V. Marsaud, P.-N. Bories, L. Cynober, S. Gil, G. Férey,
P. Couvreur and R. Gref, Nat. Mater., 2010, 9, 172-178.

154 J. Ehrenmann, S. K. Henninger and C. Janiak, Eur. J. Inorg. Chem.,
2011, 471-474.

155 S. K. Henninger, F. Jeremias, H. Kummer and C. Janiak, Eur. J. Inorg.
Chem., 2012, 2625-2634.

156 H. B. Tanh Jeazet, C. Staudt and C. Janiak, Chem. Commun., 2012, 48,
2140-2142.

157 MIL-101 mass fractions in the MMM had been erroneously calculated
as somewhat too high. Instead of 8, 16 and 24 wt% the correct mass
fractions are 7.5, 14 and 19 wt%, respectively for MIL-101 in PSF. This
recalculation does not change the conclusions drawn in ref. 149. To the
contrary, the increase in permeability is already achieved with even
lower MIL-101 mass fractions.

158 J. H. Cavka, S. Jakobsen, U. Olsbye, N. Guillou, C. Lamberti,
S. Bordiga and K. P Lillerud, J. Am. Chem. Soc., 2008, 130,
13850-13851.

159 S. Jae Yang and C. Rae Park, Adv. Mater., 2012, 24, 4010-4013.

160 S. K. Henninger, F. P. Schmidt and H.-M. Henning, Appl. Therm. Eng.,
2010, 30, 1692—-1702.

161 P. Kiisgens, M. Rose, 1. Senkovska, H. Frode, A. Henschel, S. Siegle
and S. Kaskel, Microporous Mesoporous Mater., 2009, 120, 325-330.

162 T. Wu, L. Shen, M. Luebbers, C. Hu, Q. Chen, Z. Ni and R. I. Masel,
Chem. Commun., 2010, 46, 6120-6122; S. S. Han, S.-H. Choi and
A. C. T. van Duin, Chem. Commun., 2010, 46, 5713-5715.

163 H. A. Habib, A. Hoffmann, H. A. Hoppe, G. Steinfeld and C. Janiak,
Inorg. Chem., 2009, 48, 2166-2180.

164 H. A. Habib, J. Sanchiz and C. Janiak, Dalton Trans., 2008, 1734-1744.

165 S. K. Henninger, H. A. Habib and C. Janiak, J. Am. Chem. Soc., 2009,
131, 2776-2777.

166 F. Jeremias, A. Khutia, S. K. Henninger and C. Janiak, J. Mater. Chem.,
2012, 22, 10148-10151.

167 G. Akiyama, R. Matsuda and S. Kitagawa, Chem. Lett., 2010, 39, 360-361.

168 Y.-K. Seo, J. W. Yoon, J. S. Lee, Y. K. Hwang, C.-H. Jun, J.-S. Chang,
S. Wuttke, P. Bazin, A. Vimont, M. Daturi, S. Bourrelly, P. L. Llewellyn,
P. Horcajada, C. Serre and G. Férey, Adv. Mater., 2012, 24, 806-810.

169 G. Akiyama, R. Matsuda, H. Sato, A. Hori, T. Takata and S. Kitagawa,
Microporous Mesoporous Mater., 2012, 157, 89-93.

This journal is © The Royal Society of Chemistry 2012

Dalton Trans., 2012, 41, 14003-14027 | 14027



