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Core—shell and multivariant metal-organic frameworks (MOFs) of the PCN-224 type were prepared
using metal-free and metalated porphyrin building blocks. Probing these MOFs with luminescence
quenching upon exposure to oxygen reveals efficient gas transport and oxygen quenching in the core of
the MOF. Undesirable energy transfer results in diminished contribution of the phosphorescent
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Introduction

Luminescence quenching in some metal-organic frameworks
(MOFs) is known to be very efficient, making these materials
interesting candidates for application in optical oxygen
sensors." Particularly intriguing is the porphyrinic MOF class
PCN-224, which is characterized by high porosity, and good
stability in presence of acids, bases, organic solvents or at high
temperature.” The PCN-224 MOFs are characterized by efficient
absorption of visible light and variable luminescence decay
times (nanoseconds to hundreds of microseconds) depending
on the use of the free or differently metalated porphyrin
linkers.?> Accordingly, PCN-224-based materials show tunable
dynamic ranges making them suitable for e.g. ultra-trace
sensing of oxygen in the gas phase® or sensing of ambient
oxygen concentrations in water.® Although such MOF-based
oxygen sensor materials evolved as an interesting alternative to
conventional polymer based sensors,” insights in their working
principle are hardly available. We herein wish to contribute to
a more comprehensive understanding of MOF-based optical
sensors by tackling the question whether chromophores from
the inner core of the crystal participate in the sensing event.
The luminescence from the chromophores located in the core
of the MOF might be limited or even completely undetectable
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due to possible absorption of the entire excitation light in the
outer layer of the framework by “primary inner filter effect”
and/or by reabsorption of the light emitted from the core by
the outer layer (“secondary inner filter effect”).® Moreover,
luminescence quenching may be significantly less efficient
due to lower accessibility of the inner parts of the crystal
to oxygen. This information however is not only crucial for
understanding of MOFs’ function as optical sensor materials,
but also as photocatalytic materials,” photosensitizers for
photodynamic therapy® and in bioremediation applications.’
We prepared core-shell MOFs (often referred to as MOF-on-
MOF materials) with isostructural elements that utilize organic
linkers with significantly different photophysical properties®
and studied their different emission spectra and oxygen
quenching behavior. PCN-224 type materials are supposedly
well suited for this endeavor since differently metalated and
free porphyrin ligands crystallize in the same space group with
the same lattice constants."?

Results and discussion

The core-shell MOFs were prepared by a two-step procedure
using  5,10,15,20-tetrakis-(4-carboxyphenyl)-21,23 H-porphyrin
(H,TCPP) and its Pt(u) complex (Pt(u)TCPP) as the ligands.
First, the core was synthesized by the conventional solvothermal
reaction. In a second step, instead of isolating the crystals, the
supernatant was exchanged for a solution of the other ligand. The
solvothermal synthesis was then continued hoping for a fast
crystal growth compared to nucleation of new crystals with the
second ligand (see ESIt for details). The resulting crystalline
materials were characterized by powder X-ray diffraction (pXRD)
and optical microscopy as well as scanning electron microscopy.
The ratio between H,TCPP and Pt(u)TCPP incorporated into the

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Optical light microscopy images of the materials: (A) MOF with Pt(1)PCN-224 in the core and PCN-224 in the shell; (B) MOF with PCN-224 in
the core and Pt(1)PCN-224 in the shell; (C) MOF with statistically mixed Pt(1)PCN-224 and PCN-224 parts and (D) physically mixed Pt(1)PCN-224 and
PCN-224 crystals; (E) PXRD patterns for the same samples and reference materials.

core-shell materials was determined by digestion and quantifica-
tion by UV/Vis spectroscopy.'’ Optical microscopy allows for
identifying the respective shell materials by color. MOFs with
Pt(u)PCN-224 core and PCN-224 shell appear as rosy crystals
(Fig. 1A) similar to the pure PCN-224 MOF, whereas the MOF
composed of PCN-224 core and Pt(u)PCN-224 shell is yellow
(Fig. 1B). In addition to the core-shell materials, a multivariate
MOF version'? with putatively statistically distributed ligands
was prepared by using a 1:1 mixture of H,TCPP and Pt(u)TCPP
during the synthesis. The statistically distributed MOF variant
(Fig. 1C) is obtained as orange crystals, which suggests the
formation of the intended MOF architecture. Although pXRD
confirmed the phase purity of the core-shell MOF materials
(Fig. 1E), some white material, supposedly an amorphous
inorganic Zr containing compound (see ESL T Fig. S9-S11 for
discussion), has also been detected by optical microscopy.
Further, a physical mixture of individually prepared PCN-224
and Pt(u)PCN-224 crystals serving as a reference was investi-
gated. In optical microscopy, the physically mixed MOF
sample appeared as two sorts of crystallites easily distinguish-
able by their color (Fig. 1D). Crystal sizes of all samples
were found to be in the range of few micrometers and
both crystal size and crystal size distributions were similar
in every case (Fig. S1-S7, ESIY). This finding further supports
the formation of the proposed core-shell structures, since the
formation of novel crystallites consisting of mainly the second
porphyrin (nucleation is fast) should increase the crystal size
distribution.

Dissolution experiments of the respective MOF materials
confirm the successful integration of both porphyrin ligands in
the mixed MOFs (Fig. S12-5S17, ESIt) and allow for the estima-
tion of the PCN-224 and Pt(un)PCN-224 ratio (Table S1, ESIT).
Three variants of the core-shell MOFs with Pt(u)TCPP in the
core were prepared by growing the PCN-224 shell for 24 h, 48 h
and 72 h leading to an increasing ratio of H,TCPP from 1:1 to
1:5 (Table S1, ESIt). The MOF with statistically co-crystallized
ligands has a Pt(u)TCPP to H,TCPP ratio of 1:1.25, indicating
faster incorporation of H,TCPP into the crystal.

This journal is © The Royal Society of Chemistry 2022

In the next step, the emission of the materials under defined
oxygen partial pressures was measured using a previously
reported measurement set-up.> As the excitation wavelength
410 nm was chosen in order to excite both chromophores in the
MOF. Accordingly, the combined luminescence of Pt(n)PCN-224
and PCN-224 was recorded at 650 nm. The oxygen quenching
behavior of the two individual MOFs is known. Pt(in)PCN-224
shows phosphorescence which is already quenched by traces of
oxygen (pO, of 0.2 kPa). In contrast, PCN-224 exhibits fluores-
cence which is quenched around 4-fold at 20 kPa.? Therefore,
by studying luminescence quenching under different ranges of
oxygen partial pressure, the contribution of the respective
material can be assessed. The quenching behavior of the
physically mixed MOF crystals is illustrated in Fig. 2A. Under
nitrogen atmosphere (1) the combined luminescence of PCN-
224 and Pt()PCN-224 is observed. Under air (2) luminescence
of both materials is efficiently quenched and only little residual
fluorescence of PCN-224 is observed. Between (2) and (3) the
luminescence of the more sensitive Pt(1)PCN-224 is still com-
pletely quenched and the observed decrease of luminescence
intensity is fully due to quenching of PCN-224. Finally, the
luminescence of both components is fully recovered after
deoxygenation (4). The Stern-Volmer plots for the four different
MOF samples are shown in Fig. 2B (individual Stern-Volmer
plots are available as Fig. S18-S24, ESIt). The physically mixed
MOF is characterized by a steep slope in the low pO, range that
is associated with quenching of the Pt(u)PCN-224 luminescence
and a moderate slope at higher pO, that originates from
quenching of PCN-224. At low pO, values the behavior is thus
very similar to that of the pure Pt(u)PCN-224 (Fig. 2B, inset).

The quenching behavior of all other MOFs is strikingly
different (Fig. 2B, left) with the sensitivity much below that of
the physically mixed MOF and similar to that of the pure PCN-
224. We speculate that in all cases the major reason for this is
the energy transfer from Pt(u)TCPP to H,TCPP that strongly
reduces the contribution of the phosphorescence of the former
compared to what would be expected based on the ratio of both
building blocks (Table S1, ESIT). Excitation spectra acquired for
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Fig. 2 (A) Dynamic response of the luminescence intensity vs. alteration
of oxygen concentration for the physically mixed MOF composed of PCN-
224 (purple) and Pt()PCN-224 (yellow); the color code of the cubes on
top illustrates which of the two MOF is quenched; numbers (1) and (4) O
kPa O5; (2) 20 kPa O,, steps between (2) and (3): 1 kPa, 2 kPa, 5 kPa, 10 kPa
pO,. (B) Stern—Volmer plots of the mixed MOFs; all calibrations were
acquired at room temperature, ig, = 410 nm, recorded at Agy, = 650 nm;
inset: magnification of the low pO, range; right panel — magnification for
the materials showing less efficient quenching.

the physical mixture of the MOFs and the statistically mixed
MOFs (Fig. S25 and S26, respectively, ESIt), confirm that in the
latter the contribution of the phosphorescent Pt(i) porphyrin is
significantly lower than expected. According to the crystal
structure of PCN-224, the shortest distance of the porphyrins
in a theoretically perfect PCN-224 crystal is around 14 A.
The distance separating two adjacent porphyrins is around
19 A.***’ The situation is similar for other porphyrinic MOF
materials (PCN-223) for which Forster resonance transfer
(FRET) was held responsible for the observed long-distance
exciton hopping.'* The spectral overlap between the emission
of Pt(u)TCPP and the absorption of H,TCPP (Fig. S27, ESIt)
suggests that triplet-to-singlet FRET" from Pt(u)TCPP to
H,TCPP may be responsible for the decreased contribution
of Pt(m)PCN-224 in the mixed MOFs. The Stern-Volmer plots
(Fig. 2B) suggest that this effect is observed in all the MOFs
where both dyes can be in the proximity. In case of the
statistically mixed MOF more or less homogeneous distribution
of both dyes is expected. On the other hand, the core-shell MOFs
were expected to show spatial separation of both components and
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therefore quenching behavior similar to that of the physically
mixed MOF. The major reason for the diminished contribution
of Pt()PCN-224 in the core-shell MOFs is likely to be incor-
poration of some metal-free porphyrin into the Pt(un)PCN-224
core during the shell synthesis (in case of Pt(u)PCN-224
core-PCN-224 shell architecture) or partial dissolution of
H,TCPP from the core and its incorporation into the shell in
case of the MOF with PCN-224 core-Pt(n)PCN-224 shell archi-
tecture. The luminescent behavior of the core-shell MOFs is
thus in great contrast with their color (Fig. 1A-C) which
corresponds to the color of the MOF that is predominately
present in the shell.

Changing of the excitation wavelength from 410 nm to
500 nm results in an increased sensitivity to oxygen for the
core-shell MOFs but also for the statistically mixed MOF
(Fig. 3). This may be due to better penetration depth of the
green light compared to the violet light. The highest increase in
the sensitivity is observed for the MOF that consist of the
Pt(n)PCN-224 core and thin PCN-224 shell. In this case the
shell of PCN-224 is likely to significantly reduce the intensity of
the violet light that reaches the Pt(u)PCN-224 core and much
less so if the crystal is exposed to green light. In fact, the
excitation wavelength of 410 nm corresponds to the Soret band
of the porphyrin where molar absorption coefficient is particu-
larly high (¢ = 270000 M~ ¢cm™")"® in contrast to much less
intense Q-bands of the porphyrin that are located in the green
part of the spectrum. The average edge length of the core-shell
crystals after 24 h growth (Fig. 3B) is estimated to be 2.6 um
(see ESIT for more details) whereas the size of the core is about
1.4 pm. That gives the shell thickness of about 0.6 pum.
Considering the density of the MOFs and absorption in aqu-
eous solution it is estimated that about 50% of excitation light
is absorbed by the shell if the excitation is performed around
the Soret band (see ESIt for more details). For comparison, only
10% of the green light (500 nm) is expected to be absorbed by
the same shell. It should be considered that the magnitude
of the optical filtering is estimated for the monolayer of the
MOFs which was not the case during the characterization
experiments. Since the characterized powder sample consisted
of several layers of MOF crystals, the above optical filtering
effects are expected to be much more severe than calculated for
the monolayer. Optical shielding by a shell of PCN-224 is
expected to become more severe with increasing shell thick-
ness, which was also observed in the experiment (Fig. 3B).
In fact, the Stern-Volmer plots obtained at 410 and 500 nm
excitation are now more similar with only a slight increase in
sensitivity observed for 500 nm excitation. The edge length
roughly doubles when it is grown for further 48 h and the shell
thickness is estimated to be about 2 pm (Table S2, ESIT), which
is roughly 3-times of the original thickness. An additional factor
is the increased inner-filter effect due to reabsorption of the
phosphorescence emitted from the Pt(u)PCN-224 core by the
PCN-224 shell. Despite these complications, one can conclude
that the core of the mixed MOF is accessible for oxygen and
quenching of luminescence by this gas also occurs in the inner
part of the MOF.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Stern—Volmer plot for the MOF materials with /g, = 410 nm and Agx = 500 nm, Agm = 650 nm: (A) Pt()PCN-224 in the core and PCN-224 in the
shell, 24 h of shell growth; (B) Pt()PCN-224 in the core and PCN-224 in the shell after 72 h of shell growth; (C) Pt()PCN-224 and PCN-224 statistically
distributed; (D) emission spectra of the core shell MOF with Pd(1)PCN-224 in the core and Pt()PCN-224 in the shell, normalized to the emission of

Pt()PCN-224 (650 nm); Agx = 410 nm.

It should be mentioned that fitting of the Stern-Volmer
plots with pronounced contribution from Pt(n)PCN-224 becomes
challenging. The physically mixed MOF sample is a good
example of the limitation of established Stern-Volmer fit
models, i.e. the classical Stern-Volmer equation (eqn (S1), ESIt)
or the non-linear equation from the so called ‘“two-site
model”*® (eqn (S2), ESIf) that assumes the location of the
indicator in two environments characterized by significantly
different oxygen accessibility. Since the one component MOFs
already show significant nonlinearity in their Stern-Volmer
plots,? a further extension of the model is necessary. Although
the best fit (R* = 0.99999) is obtained with the model assuming
4 different Stern-Volmer constants, the complexity of such a
model is very high. The model assuming 3 different Kgy values
also excellently fits the experimental data (R* = 0.9999) and
appears to be a good compromise (see ESIt for details).

Finally, MOFs with Pd(i)PCN-224 and Pt(i)PCN-224 struc-
tures in the core and in the shell were prepared (Fig. $32-534,
ESIt). Since the absorption bands of both dyes are located in
the green part of the electromagnetic spectrum and the emis-
sion in the red part, neither the inner-filter effect nor FRET is
expected for this MOF combination. Due to longer phosphor-
escence decay time of the palladium porphyrin, Pd(u)PCN-224
is more sensitive to oxygen than Pt(u)PCN-224 and responds in
the ultra-low range (0-20 ppm) in gas phase.?

Emission wavelengths of Pt(u)PCN-224 and Pd(u)PCN-224
are well separated from each other (650 nm and 680 nm,
respectively), allowing simultaneous readout with the same

This journal is © The Royal Society of Chemistry 2022

excitation wavelength. Calibration of ultra-trace sensing mate-
rials is challenging, thus only emission spectra in oxygen-free
atmosphere and at 0.2 kPa pO, were recorded (Fig. 3D). The
emission of Pd(n)PCN-224 at around 680 nm can be observed
in both core-shell MOFs under oxygen-free conditions and is
strongly quenched at already 0.2 kPa pO,. Unfortunately,
Pd(u)PCN-224 is prone to partial demetalation under elevated
temperatures and acidic conditions'” so that the core-shell
MOFs show additional spectral features attributed to emission
from PCN-224 (Fig. 3D and Fig. S35, S36, ESIT). The impurity of
the PCN-224 in the Pd(un)PCN-224 shell might promote unde-
sired effects discussed above for the other mixed MOFs. For the
MOF composed of Pd(u)PCN-224 core and Pt(u)PCN-224 shell
the amount of PCN-224 impurities is lower than in the material
with Pd(n)PCN-224 in the shell that suggests a protective effect
of the shell in such materials. This concludes that such mixed
MOFs should be constructed in a way that the more vulnerable
components are located in the core and are thus protected by
the shell. As the main point, data clearly show the quenching of
the luminescence of the core material.

Conclusion

Altogether, we could experimentally show that the core of the
mixed MOFs of the PCN-224 type is accessible for oxygen as
quenching of luminescence also occurs in the inner part of
the MOF.
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The photophysical properties of the mixed MOF crystals
investigated here are dominated by the high concentration of
porphyrin building blocks and their proximity. Energy transfer
is likely to play a pivotal role in reducing the contribution of the
phosphorescent component in the mixed MOFs. Furthermore,
optical filtering of the excitation light by the shell is of funda-
mental importance, the same is true for reabsorption of light
emitted by the core. Since the magnitude of these effects is
proportional to the thickness of the shell, the size of crystals is
of major importance. The amount of the excitation light reach-
ing the core of the crystal also depends on the excitation
wavelength.

Apart from the insights on the photoactivity of core-shell
materials, the physical mixture of individually prepared PCN-
224 and Pt(u)PCN-224 crystals allows to profit from their
individual outstanding sensing properties and to obtain sen-
sors covering the range from trace oxygen amount to air-
saturated conditions or even 100% O,. For such applications,
the physical mixture of MOF crystals is found to be superior to
any mixture of the building blocks within a single crystal.
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