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Luminescent Metal–Organic Framework Mixed-Matrix
Membranes from Lanthanide Metal–Organic Frameworks in
Polysulfone and Matrimid
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Abstract: Metal–organic framework/polymer (MOF–polymer)
mixed-matrix membranes (MMMs) have been prepared by em-
bedding the luminescent lanthanide (Ln) MOFs 3

∞[Sr0.9Eu0.1Im2]
and 2

∞[Tb2Cl6(bipy)3]·2bipy (Im– = imidazolate, bipy = 4,4′-bi-
pyridine) into polysulfone (PSF, Ultrason® S) and Matrimid® poly-
mer films. The successful embedding of the Sr and Eu MOFs
has been achieved for both matrixes, and the original MOF lu-
minescence is maintained. The defect-free nature of the mem-
branes was proven by the slightly lower gas permeation of the
MMMs with the dense filler particles. For the Tb–bipy MOF, suc-
cessful embedding is possible for polysulfone only. For the
preparation of the MOF polymer membranes, the influence of

Introduction
Coordination polymers and metal–organic frameworks (MOFs)
are a high research priority in coordination chemistry.[1] These
hybrid materials exhibit a broad variety of physical properties,[2]

and photoluminescence[3] and sensing are current focusses.[4]

For the application of MOFs, as well as the availability of pure
bulk materials, stability and processability play important roles.
For technical applications, MOFs have to be formulated,[5] for
example, as layers,[6] pressed into tablets,[7] fabricated into
monolithic structures[8] or used as composite materials.[9] MOFs
can also be luminescent as nanoparticles[10] or in thin films.[11]

MOF–polymer mixed-matrix membranes (MMMs) are estab-
lished composites and have been investigated widely for gas
separations.[12–15]

Among luminescent MOFs and coordination polymers,
lanthanide-containing (Ln containing) compounds[16] are of
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different mass fractions of the luminescent MOFs ranging from
8–16 wt.-% and preparation from suspensions with and without
ultrasonic radiation were studied. The influence of the MOF
fraction is different for both membrane materials. For the poly-
sulfone, lower amounts of MOF are preferable and lead to an
increase of the overall luminescence intensity, whereas the op-
posite was observed for Matrimid. Altogether, the parity-al-
lowed emission of the Eu2+ ions is apparently stronger than the
Tb3+ emission and leads to membranes with strong emission
that is visible to the naked eye under normal daylight. Thereby,
the Ln MOF polymer membranes open new options for the
handling of luminescent MOFs.

special interest for photoluminescence owing to their beneficial
photophysical properties through suitable metal–ligand combi-
nations.[17] Effective Ln3+ luminescence is achieved by circum-
venting the low light-absorption coefficients of the 4f–4f transi-
tions through the combination of the Ln3+ ions with suitable
organic light-harvesting ligands that work as sensitizers for the
metal emission (the so-called “antenna effect”)[18] by transfer-
ring excitation energy from the ligand to the metal centers.
MOFs with N-donor ligands, such as the series 2

∞[Ln2Cl6(bipy)3]·
2bipy[19] (bipy = 4,4′-bipyridine), show effective antenna effects,
as the energetic position of the singlet and triplet states[20] of
the ligand in the coordination polymer matches with suitable
excited metal states.[21] For example, the linker 1,2-di(4-pyr-
idyl)ethylene exhibits both structural and electronic properties
for the formation of coordination polymers with effective pho-
toluminescence. In principle, the energetic positions of the in-
volved excited ligand states[22] are exactly in the range for the
possible sensitization of the lanthanide ions for visible or near-
infrared emission.[23] Another option, although much less fre-
quent for MOFs, is the use of the divalent Eu2+ ion, which util-
izes 5d–4f transitions. These transitions are parity-allowed and
strong; therefore, they do not require ligand sensitization, as
the series 3

∞[Sr1–xEuxIm2] shows (Im– = imidazolate).[24]

As a proof-of-principle, we show here that it is possible to
embed luminescent MOFs into organic polysulfone (PSF) Ultra-
son® S 6010 and Matrimid® 5218 polymers and generate, to the
best of our knowledge, the first luminescent MOF mixed-matrix
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membranes (see Figure 1). The LnMOF@MMMs have been char-
acterized by photoluminescence spectroscopy, X-ray powder
diffraction, electron microscopy, energy-dispersive X-ray (EDX)
analysis, gas permeation, and fluorescence microscopy.

Figure 1. Top: The luminescent MOF MMMs 3
∞[Sr0.9Eu0.1Im2]@PSF (1: 8 wt.-%

MOF; 2: 16 wt.-% MOF) and 3
∞[Sr0.9Eu0.1Im2]@Matrimid (3: 8 wt.-% MOF; 4:

16 wt.-% MOF). Center: The structures of the MOFs 3
∞[Sr0.9Eu0.1Im2] (left) and

2
∞[Ln2Cl6(bipy)3]·2bipy (right), adapted from ref.[3f ] with permission of the

Royal Society of Chemistry, 2013. Bottom: PSF Ultrason® S and Matrimid®.

PSF[25] and Matrimid[26] are low-flux glassy polymers for gas-
separation applications. Both polymers were chosen because of
their good mechanical properties and availability. They are well-
known to have good film-formation properties and are suitable
matrixes for MMMs with MOFs as filler materials.[13]

The fillers are sensitive to hydrolysis and oxidation, which
results in the loss of luminescence. To expand their processabil-
ity for practical applications through embedding in or coating
with a convenient polymer, the moisture stability of these com-
pounds is expected to be enhanced.[27]

Results and Discussion

Preparation of LnMOF@polysulfone and LnMOF@Matrimid
MMMs

For membrane preparation, the chosen amounts of MOF and
polymer were combined under nitrogen in dichloromethane
(DCM) and treated (by stirring or ultrasound) to form homoge-
neous dispersions (see Exp. Sect. for details). The dispersion was
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cast into metal rings on a flat glass surface in a desiccator filled
with nitrogen gas and a desiccant. The conditions for film for-
mation were chosen in terms of polymer concentration to influ-
ence the viscosity of the casting solution and time of stirring
to form a homogeneous dispersion of the fillers in the casting
solution. These factors are essential in the formation of defect-
free MMMs with good filler dispersion. The solvent was evapo-
rated overnight with a slight stream of predried nitrogen gas.
The membrane was finally dried at 25 °C under reduced pres-
sure. Eight different membranes of 5 cm diameter with 8 and
16 wt.-% MOF in ca. 200 mg of polymer were prepared this way
(Table 1; see also Figure 1).

Table 1. Overview of prepared membranes.[a]

MOF@polymer 8 wt.-% 16 wt.-%

3
∞[Sr0.9Eu0.1Im2]@PSF 1 2

3
∞[Sr0.9Eu0.1Im2]@Matrimid 3 4

3
∞[Sr0.9Eu0.1Im2]@Matrimid with ultrasound 5[b] –

2
∞[Tb2Cl6(bipy)3]·2bipy @PSF 6 7

2
∞[Tb2Cl6(bipy)3]·2bipy @Matrimid gel formation gel formation

2
∞[Tb2Cl6(bipy)3]·2bipy @PSF with ultrasound 8[b] –

[a] Approximately 200 mg of polymer casted into 5 cm diameter membranes
from 4 mL of CH2Cl2 dispersion. [b] 200 mg of polymer casted from 2 mL of
CH2Cl2 dispersion.

Characterization of LnMOF@poylsulfone and
LnMOF@Matrimid MMMs

Photoluminescence Spectroscopy

For all prepared MOF MMMs, excitation and emission spectra
were recorded at room temperature. Both 3

∞[Sr0.9Eu0.1Im2]@PSF
(1 and 2) and 3

∞[Sr0.9Eu0.1Im2]@Matrimid (3 and 4) show the
typical excitation and emission spectra of their respective
frameworks.[19,24] The membrane polymers were selected to al-
low MOF luminescence without interference with the polymer.
For PSF, a weak fluorescence in the blue region is observed,
whereas Matrimid does not show any significant luminescence.
The combination of 3

∞[Sr0.9Eu0.1Im2] with PSF shifts the excita-
tion away from the polymer to the lower energies of the al-
lowed Eu2+ excitation (see Figures 2, 3, and S5).

Therefore, the spectra exhibit transitions between the 4f
ground state and excited 5d states of the Eu2+ ions. The lumi-
nescence is turquoise-green and strong, and no participation
of the membrane polymer is detected (see Figure 2). Owing to
the geometric differences between the ground and excited
states, the peaks are broad with half-widths of ca. 75 nm and
maxima at λ = 498 nm for 1 and 2 and λ = 500 nm for 3 and
4.

For Matrimid®, a slight shift is observed for the 5d←4f Eu2+

excitation maximum from λ = 315 nm for the pure MOF to λ =
328 nm for the MMMs. This may hint towards an impact of the
organic polymer on the Eu 5d states. However, the emission
maxima and band profiles are similar within 2 nm. Moreover,
the lifetimes of the luminescence processes give Eu2+ decay
times τobs = 609(4) and 584(2) ns for the PSF membranes 1 and
2, respectively, and τobs = 620(2) and 605(3) ns for the Matrimid
membranes 3 and 4, respectively. The similarities to the proper-
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Figure 2. Normalized excitation (top) and emission spectra (bottom) of
the framework 3

∞[Sr0.9Eu0.1Im2] (black) in comparison with those of
3

∞[Sr0.9Eu0.1Im2]@PSF (blue: 1, red: 2); the MOF luminescence is maintained
after the MOF is embedded in the polysulfone membrane.

ties of the MOF itself are prominent; therefore, it is clear that
the embedded framework is unaltered. This similarity was also
present when the membranes were prepared from suspensions
with [MMM 5: τ = 601(3) ns] or without ultrasonic radiation
(MMMs 1–4).

It is intriguing that the intensity of the MOF luminescence
depends on the amount of MOF and the membrane matrix
material. For polysulfone, an inversely proportional behavior is
observed, and higher emission intensities are observed for the
lower MOF fraction; therefore, the higher amount of 16 wt.-%
leads to concentration quenching, whereas the lower MOF frac-
tion of only 8 wt.-% gives a significantly higher luminescence
intensity (see also Figure S1). For Matrimid®, the opposite be-
havior is observed, and the intensity increases as the MOF
fraction increases (see Figure S2). Therefore, polysulfone and
Matrimid differ in their concentration quenching, which is not
reached for 16 wt.-% MOF in Matrimid. A comparison of the
absolute intensities is possible on the basis of the otherwise
identical sample and instrumentation parameters.

For the MOF 2
∞[Tb2Cl6(bipy)3]·2bipy, the photoluminescence

properties were determined for polysulfone membranes only,
because of the gel formation of the MOF with Matrimid. For
2

∞[Tb2Cl6(bipy)3]·2bipy@PSF (6 and 7), the typical luminescence
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Figure 3. Excitation (top) and emission spectra (bottom) of the MMMs
2

∞[Tb2Cl6(bipy)3]·2bipy@PSF (6: purple, 7: green) normalized for polysulfone
and in comparison with those of polysulfone without MOF (black). The emis-
sion indicates the dependence of the luminescence intensity on the amount
of MOF.

of the MOF can again be observed.[24] It is attributed to the 4f–
4f transitions of the Tb3+ ions (5D4→7FJ, J = 6–0) and leads to
a green emission of the MOF. In addition, a broad emission of
the PSF matrix is also visible in the blue region with a maximum
at λ = 380 nm. This is possible as the Tb3+ emission is less
intense than the Eu2+ emission (see also Figures 3, S3, and S4).

The excitation spectra are again similar to that of the MOF
and exhibit light absorption mainly by the 4,4′-bipyridine ligand
together with weak excitation of the PSF matrix. A comparison
of the excitation and emission spectra of the MMMs 6 and 7
with that of the pure MOF is shown in Figure 3. Again, the
lower MOF weight fraction results in higher emission intensity,
in agreement with the findings for the polysulfone MMMs 1
and 2. The lifetimes of the luminescence process reflect the
typical long decay times of Tb3+ ions; we observed biexponen-
tial decay times of 747(37) and 1253(32) μs for 5 and 763(22)
and 1650(56) μs for 6, and these values are again an excellent
match with the behavior of the MOF itself.
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Powder X-ray Diffraction

The MOF–polymer membranes 3
∞[Sr0.9Eu0.1Im2]@PSF (1: 8 wt.-

% MOF; 2: 16 wt.-% MOF), 3
∞[Sr0.9Eu0.1Im2]@Matrimid (3–5), and

2
∞[Tb2Cl6(bipy)3]·2bipy@PSF (6–8) were investigated by X-ray

powder diffraction. The powder pattern for a successfully em-
bedded MOF is expected to show the reflections of the crystal-
line MOFs together with a slight amorphous background from
the polymer matrix.

As Figure 4 shows, the MOFs were indeed embedded suc-
cessfully and without decomposition, whereas ultrasonication
gave an ideal pattern only for 3

∞[Sr0.9Eu0.1Im2]@Matrimid (5)
and induced decomposition for the Tb MMM 8 (see also Fig-
ure S13).

Figure 4. Comparison of the observed powder X-ray diffraction patterns of
the mixed MOF membranes 1–4 at room temp. with the diffraction patterns
of the pure MOF 3

∞[Sr0.9Eu0.1Im2]. The reflections of the MOF and the amor-
phous background of the polymer matrix can be observed.

Hence, the embedding of the MOF without ultrasonic treat-
ment is mild enough to generate luminescent membranes with
unaltered MOFs. Although both MOFs have exceptional thermal
stabilities,[24,28] ultrasonic treatment provokes decomposition of
the MOFs with the exception of the membrane 5. Altogether,
the suspension method without ultrasonication is preferable for
stability reasons.

Fluorescence Microscopy, SEM, and EDX

A combination of fluorescence microscopy, scanning electron
microscopy (SEM), and element mapping by spatially resolved
energy-dispersive X-ray spectroscopy (EDX) was applied for the
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mixed-matrix membranes 1–7 to get information on the distri-
bution of the MOF particles in the membranes. The complimen-
tary character of these methods gives insights into the MOF
distribution through their photophysical properties as well as
imaging and elemental analysis.

High-resolution fluorescence microscopy was applied to the
complete membranes 1–8 and the membranes without the
MOFs (Figure 5). In addition to the overview, detailed point
investigations at a high zoom level were also applied.

Figure 5. Fluorescence microscopy images of 3
∞[Sr0.9Eu0.1Im2]@PSF (1, top; 2,

center) and 3
∞[Sr0.9Eu0.1Im2]@Matrimid (4, bottom) showing the MOF distri-

bution as an overview (left) and microscopic excerpt (right) of the fluores-
cence intensity (22 ms exposure each; views on membrane top). The images
of membrane 1 do not reflect particle aggregation but extraordinarily high
luminescence intensity; the particle size is the same as those of the other
films. The emission is so bright that even the shortest recording times of
22 ms show an overflow.

Most prominent are the MMMs 3
∞[Sr0.9Eu0.1Im2]@PSF (1 and

2) as they show the highest fluorescence intensities of all mem-
branes. The intensity reaches the detection maximum of the
instrumentation for MMM 1 after an ultrashort exposure time
of only 22 ms. In agreement with the photoluminescence spec-
troscopy observations, a concentration dependence applies
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(see also Figures S5–S9 for fluorescence microscopy). The MOF
particles are quite evenly distributed within the membrane.

The single MOF crystallites have an average size of 2–20 μm
in addition to aggregates of particles larger than 100 μm if no
ultrasonic radiation is applied during preparation. The particle
size was estimated from a combination of SEM (Figures S11
and S12) and fluorescence microscopy (Figure 5 and S7–9). The
impression of further aggregation for membrane 1 can be at-
tributed to the high emission intensity, which reaches the de-
tection limit; it is not a result of real aggregation.

To investigate the effect of the ultrasonic treatment, mem-
brane 5 and the partly decomposed membrane 8 were studied
(Figure S8–9). The membranes treated with ultrasound are
weaker in luminescence intensity and also show less preferable
MOF distribution; therefore, these results stress the importance
of mild embedding conditions. The ultrasound-treated mem-
branes show significant MOF degradation and gas inclusion.
We are currently investigating the degradation reaction, and we
could identify the formation of the hydrate LnCl3·6H2O from
the membranes and LnO(OH) for the bulk MOFs. A further prob-
lem could be gel formation, as observed for the Tb–bipy MOF
together with Matrimid.

The cross-section SEM images of membranes 1–4, 6, and 7
show good particle distribution and adhesion on a scale of 10–
20 μm for the MOFs with both polysulfone and Matrimid (Fig-
ure 6). At higher magnification, slight MOF particle aggregation
was detected for membrane 3 (see Figure S10). The good MOF
distribution is supported by element mapping through spatially
resolved EDX analysis of the MMMs (Figure 7). A slight MOF
sedimentation at the “bottom” of the casted membranes is re-
vealed by the locally increased intensity of the mapped metals.
Membrane 2 also showed a slight aggregation of MOF particles.
Overall, the MOFs were well-distributed along the cross-section
in the Eu and Tb MOF MMMs, and the EDX results confirmed
the observations from the SEM images.

Figure 6. Cross-section SEM images of membranes 1–4, 6, and 7.
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Figure 7. EDX element mapping of membranes 2, 4, 6, and 7 showing the
distribution of strontium (green) from 3

∞[Sr0.9Eu0.1Im2] and terbium (blue)
from 2

∞[Tb2Cl6(bipy)3]·2bipy. The bottom of the images corresponds to the
bottom of the casted membrane.

Gas Permeation

Dioxygen gas-permeation experiments were performed to con-
firm that the membranes were defect-free and that the mor-
phology at the polymer/particle interface was not defective, as
defects would result in much higher gas fluxes compared with
those of the pure polymers.[14c] These defects would result in a
decrease of the stabilizing properties of the polymer film to-
wards the MOFs. The gas-permeation measurements (Table 2)
indicate that the MOF MMMs 3

∞[Sr0.9Eu0.1Im2]@PSF and
3

∞[Sr0.9Eu0.1Im2]@Matrimid are defect-free and even have
slightly lower permeabilities than those of the pure polymer
membranes, as could be expected in view of the dense charac-
ter of the MOF fillers.[12–14]

Table 2. Gas-permeation results.[a]

Membrane P (O2) [Barrer][b]

Pure PSF 1.4
Pure Matrimid 2.1
2 1.0
4 1.4

[a] Permeation experiments performed at 30 °C and 3 bar total feed pressure.
[b] 1 Barrer = 1 × 10–10 cm3(STP) cm/(cm2 s cmHg) or 7.5005 × 10–18 m2 s–1 Pa–1

in SI units.

Conclusions
Luminescent MOF–polymer mixed-matrix membranes have
been prepared from the MOFs 3

∞[Sr0.9Eu0.1Im2] and
2

∞[Tb2Cl6(bipy)3]·2bipy together with the polysulfone Ultrason®
S and Matrimid®. For the MMMs 3

∞[Sr0.9Eu0.1Im2]@PSF (1 and
2), 3

∞[Sr0.9Eu0.1Im2]@Matrimid (3–5), and 2
∞[Tb2Cl6(bipy)3]·
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2bipy@PSF (6 and 7), the luminescence of the MOF could be
maintained. The luminescence is especially strong for 1 and 2.
The membrane polymers influence the luminescence intensity:
in the polysulfone membranes, both MOFs show higher emis-
sion intensity for lower MOF concentrations, whereas Matrimid®
shows the opposite behavior. This indicates a different concen-
tration quenching depending on the membrane polymer. The
distribution of the MOFs in the membranes has been investi-
gated by SEM, EDX, and fluorescence microscopy. Except for
some sedimentation, the MOFs were distributed evenly within
the membranes without significant aggregation. The use of ul-
trasonication proved less beneficial, as the resulting membranes
showed inferior luminescence properties. Gas-permeation meas-
urements proved that the MOF MMMs 3

∞[Sr0.9Eu0.1Im2]@PSF
and 3

∞[Sr0.9Eu0.1Im2]@Matrimid were defect-free, as they exhibit
slightly lower permeabilities than those of the pure polymer
membranes. To the best of our knowledge, these are the first
examples of luminescent MMMs. Altogether, these examples
show that the concept of MOF mixed-matrix membranes can
be expanded from gas permeation to new applications. The
fabrication of membranes can be an option to increase the sta-
bilities and processabilities of the bulk MOFs.

Experimental Section
General: All experiments were performed under inert conditions
(argon or nitrogen atmosphere) through vacuum-line, Schlenk, and
glovebox (MBraun, LabMaster SP and Innovative technology, Pure
Lab) techniques with DURAN™ ampoules. The MOFs were prepared
in heating furnaces with Al2O3 tubes, a Kanthal resistance heating
wire, and NiCr/Ni temperature elements controlled by Euro-
therm 2416 control units together with sealed glass ampoules. An-
hydrous terbium chloride was synthesized by the ammonium halide
route[29,30] from Tb4O7 (99.9 %, Auer-Remy), HCl solution (10 mol L–1,
reagent grade) and NH4Cl (99.9 %, Fluka). The intermediate trivalent
terbium ammonium chloride was decomposed and further purified
by sublimation under vacuum. Strontium and europium metal
(Smart Elements, 99.99 %), bipy (Sigma–Aldrich 98 %), and 1H-imid-
azole (HIm, Sigma–Aldrich 99.5 %) were applied as purchased. The
solvent DCM (>99.9 %) was purchased from Fisher Chemicals and
dried with an MBraun solvent purification system. O2 gas for the
gas-permeation experiments was supplied by Air Liquide (Germany)
and used as received (purity 99.998 %).
3

∞[Sr0.9Eu0.1(Im)2] and 2
∞[Tb2Cl6(bipy)3]·2bipy: 3

∞[Sr0.9Eu0.1(Im)2]
was synthesized by a modification of the method reported in ref.[24]

Freshly filed europium metal (0.1 mmol, 15.2 mg), small pieces of
strontium metal (0.9 mmol, 78.9 mg), and 1H-imidazole (3.0 mmol,
204.3 mg) were sealed in an evacuated DURAN™ glass ampoule.
The ampoule was heated to 186 °C in a tube oven over 2 h. The
temperature was kept constant for 48 h. The ampoule was cooled
to 66 °C over 6 h and then to room temperature over 1 h. The
excess 1H-imidazole was removed by sublimation (140 °C, 24 h).
The remaining reaction product was a fine yellow powder.
2

∞[Tb2Cl6(bipy)3]·2(bipy) was synthesized by a modified solvent-free
melt reaction according to refs.[19,25] Anhydrous TbCl3 (0.76 mmol,
201.6 mg) and 4,4′-bipyridine (2.28 mmol, 356.1 mg) were homoge-
nized by grinding. The reaction mixture was then sealed in an evac-
uated DURAN™ glass ampoule, which was heated to 140 °C in a
tube oven at a rate of 20 °C h–1. The temperature was kept constant
for 168 h, and then the ampoule was cooled to room temperature
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over 1 h. The excess 4,4′-bipyridine was removed by sublimation
(120 °C, 48 h). The collected product was a fine grey powder.

Membrane Preparation (1–4, 6–7) without Ultrasonication: The
embedding of MOFs without sonication was achieved with solu-
tions of 3.6 wt.-% polymer in DCM. Portions (200 mg) of the dry
polymer, the MOF material (18 or 39 mg), and dry DCM (4 mL) were
combined in a 10 mL Schlenk flask to produce MMMs with 8 and
16 wt.-% of MOF. The dispersions were stirred for 2 d in order to
achieve homogeneous mixtures. The dispersions were cast into
metal rings, 5 cm in diameter, which were placed on a flat glass
surface in a desiccator filled with nitrogen gas and a desiccant. The
solvent was evaporated overnight by a slight stream of predried
nitrogen gas to achieve some control over the evaporation rate. As
soon as all of the solvent was evaporated, the membrane was re-
moved from the metal ring and the glass surface. The membrane
was finally dried at 25 °C under reduced pressure.

Membrane Preparation (5 and 8) with Ultrasonication: The em-
bedding of MOFs with ultrasonication was achieved as described
above with minor alterations. The amount of polymer in DCM was
8.0 wt.-% (200 mg of polymer in 2 mL of DCM), and the dispersion
of the MOF in polymer solution was sonicated for 60 min in a ultra-
sonic bath (ELMA Transsonic 310, 35 Hz) to try to achieve good
dispersion of the MOF particles before membrane casting.

Powder X-ray Diffraction: Samples for powder X-ray diffraction
were prepared in open-stage sample holders with a poly(methyl
methacrylate) (PMMA) cupola and a Si-wafer platform. The diffrac-
tion data were collected with a Bruker AXS D8 Discover powder X-
ray diffractometer equipped with Lynx-Eye detector in reflection
geometry. The X-ray radiation (Cu-Kα1; λ = 154.06 pm) was focused
with a Goebel mirror, and Cu-Kα2 radiation was eliminated by the
application of a Ni absorber. The diffraction patterns were recorded
and analyzed with the Bruker AXS Diffrac-Suite.[31]

Photoluminescence Spectroscopy: The excitation and emission
spectra were recorded with a HORIBA Jobin Yvon Spex Fluorolog 3
spectrometer equipped with a 450-W Xe lamp, double-grated exci-
tation and emission monochromators, and a photomultiplier tube
(R928P) at room temp. with the FluorEssence software. The excita-
tion spectra were corrected for the spectral distribution of the lamp
intensity by using a photodiode reference detector. Additionally,
the excitation and emission spectra were corrected for the spectral
responses of the monochromators and the detector by using the
correction spectra provided by the manufacturer. All samples were
investigated as solids in spectroscopically pure quartz cuvettes in
front-face mode at room temperature. Edge filters were applied
when appropriate.

The fluorescence lifetimes were obtained with a Horiba Fluoromax
FL3-22 spectrophotometer. The samples were prepared in quartz
glass cuvettes under an inert-gas atmosphere. The decay times
were recorded by time-correlated single-photon counting (TCSPC)
with a 375 nm pulsed laser diode or a microsecond flash lamp with
an excitation wavelength of 330 nm. The fluorescence emission was
collected at right angles to the excitation source, and the emission
wavelength was selected with a monochromator and detected by
a single-photon avalanche diode (SPAD). The resulting intensity de-
cays were calculated through tail fits.

SEM/EDX: The SEM images were recorded with a Jeol JSM-6510LV
QSEM Advanced electron microscope with a LAB-6 cathode at 5–
20 keV. The microscope was equipped with a Bruker Xflash 410
silicon drift detector and the Bruker ESPRIT software for EDX analy-
sis. The membrane cross-sections were prepared through freeze-
fracturing after immersion in liquid nitrogen and then coated with
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gold by a Jeol JFC 1200 fine-coater (at an approximate current of
20 mA for 20–30 s).

Fluorescence Microscopy: The fluorescence microscopy of oxygen-
free sealed MOF–membrane preparations was performed with an
Axio Observer.Z1 microscope equipped with an A-Plan 10×/0.25
Ph1 objective and an Optovar 1×/1.6× tube lens (Zeiss). The images
were recorded with a phase-contrast channel and a 49 DAPI or
38 HE Green Fluorescent Protein Reflector (Zeiss) with excitation
wavelength of 450–490 nm and an emission wavelength of 500–
550 nm after 22 ms exposure time with a mercury vapor short-arc
lamp.

Gas Permeation: The O2 permeabilities were evaluated with a per-
meation cell described elsewhere.[32] The membrane thickness was
measured as the average over ten different spots with a micrometer
screw. The gas-permeation measurements were performed by the
pressure-rise method under steady-state conditions at 30 °C. The
membrane was placed into the sample cell, the permeate side was
evacuated, and then the feed side was evacuated. The feed side
was filled with O2 gas to a pressure of 3.0 bar. The linear pressure
increase upon permeation from the feed to the permeate side was
recorded and used to calculate the permeability P in Barrer
units [1 Barrer = 1 × 10–10 cm3(STP) cm/(cm2 s cmHg) or
7.5005 × 10–18 m2 s–1 Pa–1 in SI units]. The Permeability P is defined
as the gas flow rate J multiplied by the thickness d of the mem-
brane, divided by the area A and by the pressure difference Δp
across the material [Equation (1)].

P = (Jd)/ΔpA (1)
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