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The influence of activation as key parameter for oxygen sensing
by luminescent metal–organic frameworks has been investi-
gated and quantified for the archetype MOF-76(Eu). Activation
at different conditions (regarding temperature and solvent-
exchange for distinct vacuum pressure and heating time),
shows an influence on the overall quenching, response time
and cyclability due to different pore accessibility and surface
area and therefore on the overall performance of the sensor.
The optical sensing process is based on luminescence quench-
ing, analyzed from high vacuum (10� 7 bar) to ambient pressure
by dosing oxygen from 0.01 bar to 1 bar. Strong influence of
the different activation parameters is observed, as MOF-76(Eu)

activated at 50 °C shows limited quenching of the luminescence
intensity within 30 min, while methanol-exchange and subse-
quent activation at 250 °C leads to a quenching rate of 98.6%.
In addition, the sensor response occurs more than 1000 times
faster within 0.2 s. These results correlate well with physisorp-
tion data, which reveal a significant change in porosity and
surface area according to the degree of activation. For a better
understanding of the involved processes, adsorption isotherms
were recorded, surface areas determined and correlated to the
photophysical parameters, including Stern-Volmer kinetics and
cycling experiments for the differently activated MOF sensors.

Introduction

Optical sensors have developed into a widely investigated topic
within the field of gas sensing.[1–3] They allow to detect various
gases, e.g. oxygen,[4–6] carbon dioxide[7–9] or hydrogen
sulfide,[10,11] just by the bare eye without the need for a detector.
In case a separate detector is needed, they possess a high
sensibility ranging down to ppb range[12,13] being competitive to
other types of sensors. Furthermore, the detector can be placed
outside of the measured atmosphere allowing measurements in
a closed vessel through a window.[14] The detection mechanism
of optical sensors bases on many different principles fitting to
the corresponding analytes, e.g. luminescence quenching,[15,16]

UV-vis absorption,[17] Raman scattering[18] or plasmon
resonance,[12] which enables a high selectivity. In contrast,
resistive semiconducting sensors always suffer from a cross
sensitivity to other gases, because their working principle bases

on a changed oxygen concentration adsorbed on the surface
due to reduction or oxidation.[19] Because of its oxidative nature
and presence in the atmosphere, sensing oxygen is of great
interest and optical sensing provides a method to see its
presence with the bare eye. For daily use, embedding these
sensors in packaging materials of oxygen sensitive compounds
could be an interesting example for application.

Different materials were investigated for optical oxygen
sensing, e.g. complexes[20] or metal–organic frameworks,[21,22]

but there are also examples of inorganic materials showing
optical response to oxygen.[5,23–25] A large part of the sensors
using luminescence as observable consist of organic
molecules,[5,6,20,21,26–33] which play a significant role in the oxygen
sensing mechanism: excitation with UV radiation leads to a
transfer of the molecule from its singlet ground state to the
excited triplet state. In absence of oxygen this is followed by
other energy transfer processes, which end in emission of
visible light, e.g. after energy transfer to a luminophore. If
oxygen is present, the organic molecule in its excited triplet
state transfers its energy to oxygen, which is converting from
triplet to singlet state.[34] Since this mechanism is very specific
and requires compatible energy levels, the selectivity of these
sensors is high. Metal–organic frameworks are a class of
materials using this kind of mechanism, too, and due to their
porous structure, bring some advantages. The high porosity is
accompanied by a large surface area, which at the same time is
the interface for interactions with other species. Furthermore, it
is possible to tune the properties of the pores, e.g. size and
hydrophobicity, to adapt them to the desired analyte.[35,36]

MOFs very often only possess intrinsic luminescence due to
the fluorescence of their ligands, which can be poorly visible.
Therefore, many reports use post-synthetic modification with
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luminophores to obtain strongly luminescent compounds for
use as sensors. In some of the earlier reports, Ir-, Ru- and Pt-
complexes were used as luminophore and also act as
interaction site towards oxygen.[37–42] Also, Eu-complexes were
embedded into MOFs and took advantage of the characteristic,
red luminescence auf trivalent europium.[43] Lanthanide-based
luminescence by post-synthetic impregnation with their salts,
e.g. nitrates, was also achieved.[34,44,45] There are also examples
of luminescent oxygen sensing that do not rely on post-
synthetic modification using MOFs based on a silver cluster,[6]

lanthanides[27,28,46] or other metal centers.[21,29,31–33] All this work
showed the potential of optical oxygen sensing with lumines-
cent MOFs, e.g. through quenching rates of 96.5%,[21] cycling
for ten cycles and more,[6,37,39] or cross sensitivity.[21,30,39] A
response time of several seconds was observed in some
cases[31,34] with the fastest being 0.3 s.[6] In contrast, also much
slower response times were reported, e.g. 53 s.[34] A fast
response time is crucial for the sensor to be used without a
detector since fast changes are easier recognizable by the eye.
Consequently, a more detailed investigation on the parameters
influencing response time and quenching is necessary to better
understand the influence of the fundamental parameters
involved. In a study on resistive hydrogen gas sensing with
MOF-74(Co), a higher surface area was identified to have an
influence on the performance of MOF-74(Co) variants[47] with
the sensitivity towards hydrogen being much lower without
activation of the MOF. Consequently, this work focuses on a
parameter crucial for the accessibility of the interaction sites:
activation of the MOF.

Results and Discussion

In a previous study on luminescent oxygen sensing with
MOFs,[4] we observed a weak quenching of the photolumines-
cence emission of MOF-76(Eu) and thereby a weaker sensitivity
compared to other investigated MOFs. Therefore, we selected
MOF-76(Eu) for this study, in which we identified and describe
the reasons for this observation by deliberate investigation on
the influence of the activation parameters and pore loading on
the sensing of oxygen gas with this archetype metal–organic
framework. Hence, MOF-76(Eu) was synthesized according to a
modified procedure from literature[48] and activated by heating
in vacuum at different temperatures to achieve different surface
areas and pore accessibilities. Another procedure included a
solvent exchange with methanol to remove all residues of
dimethylformamide (DMF) from the pores. Other parameters
(dynamic vacuum with a pressure of 10� 6 bar and heating time
of 15 h) were kept constant. MOF-76(Eu) is build up by trivalent
europium ions, which are connected by 1,3,5-benzenetricarbox-
ylic acid to form the three-dimensional, microporous structure
(Scheme 1). This porosity results in a large interface for
interaction with other molecules, e.g. gases, but access to this
surface can also be blocked by solvent molecules inside the
pores as well as surface covering molecules and solids.
Although there are a significant number of publications on
luminescent oxygen sensing with MOFs,[27,28,32,34,42,44] none of

them focuses on the influence of pore accessibility on the
overall luminescence intensity quenching and the response
time of the sensor. Thus, oxygen sensing measurements were
carried out by dosing oxygen to the MOF starting with high
vacuum (10� 7 bar) and measuring the change of emission
intensity over time for six different oxygen pressures from
0.01 bar to 1 bar. For a better understanding of the involved
processes, adsorption isotherms were recorded and surface
areas determined to be correlated to the results of photo-
luminescence (PL) spectroscopy.

Properties of Synthesized MOF-76(Eu)

For creation of samples with different surface area and pore
accessibility, MOF-76(Eu) was synthesized and then activated in
dynamic vacuum (10� 6 bar) at different temperatures (50 °C,
100 °C, 150 °C and 250 °C). Additionally, another sample was
prepared by methanol-exchange and subsequent heating in
dynamic vacuum (10� 6 bar) at 250 °C. After this procedure, the
samples were transferred into an argon glovebox to protect
them from ambient atmosphere.

MOF-76(Eu) was successfully synthesized according to a
procedure from literature,[48] which was modified by addition of
hydrochloric acid for better crystallinity, as can be seen in the
powder diffractograms depicted in Figure 1. No foreign reflec-
tions are observed or can be assigned to the reactants and the
positions of the reflections fit to the simulated pattern of MOF-
76(Eu). However, the intensity ratios of the reflections are
different, which may be explained by residual solvent in the
pores of the synthesized MOF-76(Eu) compared to the
simulated structure, which does not contain solvent in its
pores.[50,51]

Under a UV lamp, MOF-76(Eu) shows strong, red lumines-
cence, which is characteristic for trivalent europium and caused
by its parity forbidden 4f–4f transitions. The photoluminescence

Scheme 1. Crystal structure of MOF-76(Eu), fully activated with accessible
pore system. Hydrogen omitted for clarity. Depiction based on the structure
reported in ref. [49].
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spectra in Figure 2 were measured to confirm this observation.
Since the 4f–4f transitions are parity forbidden, it is hardly
possible to directly excite trivalent europium, because the light
uptake is weak. Therefore, excitation mostly occurs via
excitation of the ligand, followed by intersystem crossing and
energy transfer from triplet states of the ligand (so called
antenna effect) to excited states of Eu3+, from which emission
occurs. This is observed as a broad band in the excitation
spectra. But the forbiddance of direct excitation is not strict and
thus sharp lines corresponding to this can be seen. The
emission spectra of MOF-76(Eu) also show sharp lines caused by
the already mentioned narrow-banded 4f–4f transitions. The 4f
orbitals of the lanthanides are shielded very well by the outer
5d orbitals and therefore they are not influenced by chemical
surroundings leading to these transitions to be found at the
same energy. The strongest signal corresponds to the transition

5D0!
7F2 at 616 nm and is also the main reason for the red color

of the emission. Trivalent europium possesses some unique
luminescence characteristics separating it from the other
lanthanides, e.g. hypersensitive transitions. Although the 4f
orbitals are shielded very well, some of them do possess a
sensitivity to the chemical surrounding. In case of the
aforementioned transition 5D0!

7F2, this results in a splitting of
the transition bands due to the different coordination spheres
of Eu3+ in the structure of MOF-76(Eu).

To complete the determination of the photoluminescence
properties of MOF-76(Eu), emission lifetime and quantum yield
were determined (Table 1). The overall process decay time
(lifetime) for the Eu3+ emission maximum at room temperature
is 0.717(5) ms and slightly prolonged to 0.769(6) ms at 77 K due
to decreased thermal quenching. These lifetime values, as well
as the quantum yield of 14(3)% are in the same range as
reported in the literature.[49,54,55]

Effects of Activation on MOF-76(Eu)

After activation, another powder diffractogram of the MOF was
recorded to monitor possible changes introduced by the
activation procedure (Figure 3). Since MOFs are known for
changing the intensity ratios of the reflections with different
pore fillings, this also provides first information about the
degree of activation upon heating at different temperatures.
While for as-synthesized MOF-76(Eu), the reflections at higher
2θ have distinct well observable intensity, they are reduced in
intensity relative to the main reflection (100) at 2θ of 8.7° after
activation, e.g. for methanol-exchanged MOF-76(Eu), with all
reflections but the main reflection requiring an enlarged scaling
to be clearly identified. The intensity distribution for the main
Miller indexes is summed up regarding reflections identifying
the direction of the a-axis [100]. As a result, the relative intensity
of reflections at higher 2θ is decreasing with an increased
activation temperature and the lowest intensity is obtained for
the methanol exchanged MOF-76(Eu) (Figure 3b). Furthermore,
the main reflection is shifted to higher 2θ at increased temper-
atures (e.g. 8.9° after activation at 50 °C) indicating a contrac-
tion of the whole structure due to removal of the solvent, but
shifting back to lower 2θ with further increased activation
temperature. The higher temperature and especially the
solvent-exchange with low-boiling methanol results in a
removal of most of the solvent in the pores. The initially
observed contraction could be due to interactions of the
framework with the reduced amount of solvent within the

Figure 1. Powder x-ray diffractogram of synthesized MOF-76(Eu) compared
to simulated diffractograms of MOF-76(Eu)[49] and reactants.[52,53]

Figure 2. Photoluminescence excitation (black) and emission (colored)
spectra of as synthesized MOF-76(Eu) at a) 77 K (green) and b) room
temperature (blue).

Table 1. Photoluminescence emission lifetimes at room temperature and
77 K, and quantum yield of as synthesized MOF-76(Eu).

Temperature τ / ms Φ / %

Room temperature 0.717(5)[a] 14(3)[c]

77 K 0.769(6)[b] –

[a] λex=293 nm, λem=616 nm. [b] λex=283 nm, λem=616 nm. [c] λex=
310 nm, λem=500 nm–725 nm.
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pores, whereas for nearly full removal, these interactions
disappear and lead to a re-expansion of the framework. For
methanol exchanged MOF-76(Eu), a reflection at 2θ of 8.5° was
observed after activation at 250 °C.

For evaluation of the activation, physisorption measure-
ments were carried out, which can give information about the
surface area and pore size. As synthesized MOFs contain
residues of solvent within their pores. The latter can therefore
be blocked and should not be available during physisorption.
After activation, the pores are accessible and contribute to a
higher surface area. The adsorption and desorption isotherms
for MOF-76(Eu) activated at different temperatures (while keep-
ing all other activation conditions constant to a vacuum of
10� 6 bar and a heating time of 15 h) are depicted in Figure 4.
After activation at 50 °C and 100 °C, type II isotherms were
observed, but with overlap between mono- and multilayer
adsorption due to low interaction between adsorbate and
adsorbent (see also supporting information for more details on
physisorption data and BET fits). Estimation of the surface area
via the BET method gives values of 16 m2 ·g� 1 and 17 m2 ·g� 1 for

activation at 50 °C and 100 °C, respectively, indicating that the
pore system is not to hardly available. At 150 °C and above this
changes drastically, the adsorption isotherm shows a high
uptake of nitrogen at low p/p0 indicating microporosity. A BET
surface area of 256 m2 ·g� 1 further confirms this result. Residual
solvent molecules start to evaporate from the pores at temper-
atures of 150 °C and above in vacuum and lead to accessibility

Figure 3. a) Powder x-ray diffractograms of as-synthesized MOF-76(Eu)
compared to MOF-76(Eu) activated at different conditions; b) respective
diffractograms with a selected range in 2θ view for a better representation
of low reflection intensities.

Figure 4. Nitrogen adsorption and desorption isotherms of MOF-76(Eu)
activated under different conditions. Desorption isotherm of MOF-76(Eu)-
@150 °C could not be fully measured because of experimental limitations
due to long equilibration times.
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of the pores. After activation at 250 °C, MOF-76(Eu) takes up
even more nitrogen exhibiting a surface area of 686 m2 ·g� 1.
This is comparable to results observed in the literature[56,57] and
indicates that most residual DMF molecules have been
removed. However, methanol-exchange of MOF-76(Eu) for three
days before activating it by heating in vacuum leads to an even
higher surface area of 768 m2 ·g� 1 due to the lower boiling
point of methanol in comparison to DMF.

The results of elemental analysis (Table 2) confirm the
results of the physisorption showing an increasing agreement
with the calculated values for proceeding activation up to the
fully methanol-activated MOF-76(Eu). A lack of activation as well
as incomplete activation can also be seen by the presence of
nitrogen and additional carbon and hydrogen content due to
DMF inside the pores of MOF-76(Eu). The similar DMF content
in MOF-76(Eu)@50 °C and MOF-76(Eu)@100 °C displays that no
reasonable activation can be achieved up to 100 °C, which is
also in agreement with the physisorption results, as well as
starting activation and lower DMF content for MOF-76(Eu)-
@150 °C resulting in a certain accessibility of micropores during
the respective physisorption measurements. Results of elemen-
tal analysis are further confirmed by DTA/TG-MS (see support-
ing information), in which DMF was detected for MOF-76(Eu)
activated below 150 °C, but not for activation conditions at
250 °C.

Effects of Activation on MOF-76(Eu) as O2 Sensor

Oxygen pressure dependent photoluminescence spectra were
recorded to investigate, if the overall luminescence emission
quenching correlates with the activation temperature. The
photoluminescence emission spectra shown in Figure 5 were
recorded 90 min after dosing oxygen to ensure equilibration of
the diffusion processes and completion of the quenching
process. Furthermore, they show that the presence of oxygen
leads to some quenching regardless of the activation temper-
ature. This indicates that all forms of the MOF, no matter if
activated or not, in principle, are oxygen sensors. However, the
degree of PL intensity quenching is very different and depend-
ent on the degree of activation, e.g. for samples activated at
150 °C and above. Quantitatively, insufficient activation of MOF-
76(Eu) at 50 °C leads to a luminescence emission quenching of

Table 2. Elemental composition (CHN) of MOF-76(Eu) activated at different
temperatures. The degree of activation is depicted by the match (top) as
well as mismatch (bottom) with the calculated values.

Sample C/% H/% N/%

MOF-76(Eu) calculated[a] 28.7 1.3 –

MOF-76(Eu) MeOH-exchanged (250 °C) 29.8 1.5 –

MOF-76(Eu)@250 °C 30.2 1.1 –

MOF-76(Eu)@150 °C 30.8 1.5 0.7

MOF-76(Eu)@100 °C 33.4 2.6 3.3

MOF-76(Eu)@50 °C 33.4 2.5 3.2

[a] Calculated for composition [Eu(BTC)(H2O)] (EuC9H5O7).

Figure 5. Oxygen pressure dependent quenching of photoluminescence
emission intensity for MOF-76(Eu) activated at different temperatures.
Spectra measured 90 min after dosing oxygen to sample. Oxygen pressures:
0.01 bar, 0.1 bar, 0.25 bar, 0.5 bar, 0.75 bar and 1 bar.
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80.3% (Figure 6). Interestingly, after treatment at 100 °C, the
quenching rate is almost similar with 80.7%. A larger change is
observed after activation at 150 °C, which is enough to increase
the quenching to 96.2%. When going to a further increased
activation temperature of 250 °C, quenching reaches 96.8% of
the emission intensity. Non-accessibility of the pores being
partly blocked by residual DMF from the synthesis explains the
lower quenching rate – however, oxygen can still interact with
the MOF luminophores and quench the emission to a certain
extent. Although MOF-76(Eu) was heated in vacuum and
therefore the boiling point was lowered from 153 °C at ambient
atmosphere, the conditions were not sufficient for completely
removing DMF from the pores. This already shines light on a
crucial point of oxygen sensing with metal–organic frameworks,
which is not discussed in the literature yet: varying sensing
results due to differing activation parameters. When a meth-
anol-exchange of the solvent was carried out before activation
at 250 °C, a further increase of the quenching rate is observed
with 98.6%, being already close to almost no emission at all.
This observation fully agrees with the physisorption results
since blocked pores at lower activation temperatures (50 °C,
100 °C) lead to a lower accessible surface area and therefore
lower photoluminescence emission quenching. The accessibility
of the micropores after activation at higher temperatures
(150 °C, 250 °C) and methanol-exchange (250 °C) results in a
stronger quenching, but the quenching is not fully scaling with
the increase in the BET surface area, which shows a major
increase from an activation temperature of 150 °C to 250 °C
compared to activation at 250 °C to methanol-exchanged MOF-
76(Eu). These observations imply that oxygen is able to interact
with the inner surface of the MOF even after insufficient
activation below 150 °C. However, since oxygen needs to diffuse
through the residual DMF in the pores, which is also occupying
some of the pore space (leaving less for oxygen and its
interaction with the MOF), it is not possible to reach full
quenching without accessibility to the pores by removal of the
solvent. At a certain degree of activation, enough solvent is
removed to open most of the pores. Removal of the last

residuals of solvent results in an optimization of the quenching
by giving access to the last unblocked quenching sites. There-
fore, it can be assumed that accessing the inner surface is more
important for a complete quenching than full removal of the
solvent.

For a better understanding of the observations above,
also time-resolved photoluminescence emission spectra were
recorded (Figure 7). These measurements were conducted on
two different time scales: recording of full spectra every
3 min (for 90 min) and monitoring the emission maximum of
Eu3+ (λmax=614 nm) with an integration time of 0.1 s. The full
spectra were integrated to consider the whole emission
intensity and are depicted as single points. To ensure that no
shift of the emission line maxima influences the investiga-
tions, the wavelength position of the transition maxima was
monitored with full spectral analysis. For MOF-76(Eu) samples
treated at 50 °C and 100 °C, full spectra were recorded every
3 min after each oxygen dosing (Figure 7a–b). In both cases,
the intensity decreases within 30 min and then stays at a
certain value. In opposite, the time-resolved emission spectra
of MOF-76(Eu) outgassed at 150 °C and above (incl. meth-
anol-exchanged sample) do not show such a decrease at this
timescale, but on a shorter timescale within 5 s. The emission
quenching process is so fast that it occurs instantly. The
corresponding results are depicted in Figure 7c–e and show
intensity decreases occurring within seconds, e. g. 2.9 s for
dosing 0.01 bar oxygen into a vacuum of 10� 7 bar or only
0.2 s for going from 0.75 bar to 1 bar (MOF-76(Eu) activated
at 250 °C), and therefore responding faster than MOF-76(Eu)
activated below 150 °C by a factor more than 1000.
Furthermore, it shows that the process is on the same
timescale for all three samples activated at 150 °C and above
(incl. methanol exchanged), further confirming that pore
accessibility is playing a larger role compared to total surface
area. The observations above correlate with the observations
in the physisorption measurements, which showed no
porosity for the samples activated at 50 °C and 100 °C, while
at 150 °C and above the micropores were observed to be
accessible. In the latter case, no or less solvent is present
inside the pores resulting in the easiest accessibility due to a
high surface area for oxygen to interact with. In case of the
samples activated at 50 °C and 100 °C, the pores are blocked
by solvent molecules and therefore the interaction site is way
lower. One assumption can be that luminescence emission
quenching in these two samples only occurs at the outer
surface area, but its accessibility in general is good, but does
not explain the slow response time to oxygen in comparison
to well-activated samples. Another assumption is that the
inner surface area of the two samples activated at 50 °C and
100 °C is hardly, but still accessible, because diffusion
through residual solvent is possible. Since diffusion in liquids
is slower in comparison to the gas phase this would explain
the slow response time. Since the physisorption analysis was
carried out at 77 K, there is not enough energy for diffusion
processes through liquids and the micropores of MOF-76(Eu)
cannot be accessed and therefore were not observed. More-
over, the temperature is far below the melting point of DMF,

Figure 6. Comparison of emission intensity quenching for MOF-76(Eu)
activated at different temperatures.
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which will act as an even larger diffusion barrier due to this
fact. Another observation of the time-resolved measurements
is that the response time at low pressures is longer than at
higher pressures, which can be seen very well for the

measurements carried out at an oxygen pressure of 0.01 bar.
There are several factors that add to this observation: firstly,
at higher pressures the driving force to enter the pores
increases due to the larger pressure difference and therefore
the intensity change, e. g., from 0.75 bar to 1 bar occurs faster
than from 10� 7 bar to 0.01 bar. Furthermore, an increasing
oxygen pressure is accompanied by a higher oxygen concen-
tration also contributing to the faster quenching.

The process behind optical oxygen sensing in metal–organic
frameworks is usually described according to Stern-Volmer
kinetics, which was selected accordingly. It expresses the
correlation between the presence of a foreign gas and the
luminescence emission intensity based on molecule collision:[58]

I0
I
� 1 ¼ kqt0 � Q½ � ¼ KSV � Q½ � ¼ KSV � p Qð Þ (1)

In equation (1), I0 corresponds to the intensity in absence
of the quencher Q, I is the emission intensity at a given
quencher concentration [Q] (or partial pressure p(Q)) and KSV

is the Stern-Volmer constant. KSV gives a value for the
strength of quenching since it is the product of quenching
constant kq and the emission lifetime in absence of the
quencher τ0. Stern-Volmer plots are calculated from the
quenching data and thus also influenced by changes in
quenching intensity occurring with ongoing time. This can be
seen in Figure 8d–e, in which the slope of the linear fits 3 min
after dosing oxygen is lower than after 45 min or 90 min
(compare also Table 3). Since the slope of the fits correspond
to KSV, its value increases with ongoing time, e. g. for MOF-
76(Eu) activated at 50 °C a value of 3.47 bar� 1 was obtained
after 3 min, which increased to 3.74 bar� 1 after 45 min thus
showing an increase of quenching. After 90 min, there is no
more change since the quenching process is already equili-

Figure 7. Quenching of photoluminescence emission at different oxygen
pressures over time for MOF-76(Eu) activated at a) 50 °C, b) 100 °C, c) 150 °C,
d) 250 °C and e) methanol-exchanged at 250 °C.

Table 3. Fit data of Stern-Volmer plots calculated for MOF-76(Eu) activated
at temperatures Tact of 50 °C, 100 °C, 150 °C and 250 °C as well as methanol-
exchanged MOF-76(Eu) at 250 °C.

Tact/°C t/min KSV/bar
� 1 R2

50 3 3.47 0.9986

45 3.74 0.9998

90 3.74 0.9996

100 3 3.38 0.9995

45 3.61 0.9998

90 3.57 0.9998

150 3 23.6 0.9995

45 23.7 0.9996

90 23.3 0.9983

250 3 24.7 0.9963

45 25.1 0.9972

90 25.0 0.9975

250
(MeOH exchanged)

3 28.0 0.9987

45 28.3 0.9990

90 28.1 0.9987
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brated and therefore does not show significant changes to
KSV. Hence, the impact of activation also shows in the
determination of KSV, as the slow diffusion through the pores
of MOF-76(Eu) insufficiently activated at 50 °C or 100 °C
results in a slow quenching process. In comparison, MOF-
76(Eu) activated at 150 °C (Figure 8a–c) and above, show a
significantly increased KSV, as result of the stronger quench-
ing, e. g. 23.6 bar� 1 after 3 min for MOF-76(Eu) activated at
150 °C. Furthermore, KSV does not show a significant change
over time, since the quenching process is finished within less
than a second. KSV is rather fluctuating around a certain value
in this case which is already settled at the beginning of the
measurement due to the fast diffusion of oxygen.

Reusability is another important property of a sensor
besides sensitivity and response time. Consequently, cycling
measurements usually are carried out to demonstrate if the
initial photoluminescence emission intensity can be restored
after multiple cycles. In this case, they were carried out to
observe the influence of activation on the long-term stability of
MOF-76(Eu) as an oxygen sensor and to test, if higher
quenching occurs due to further removal of solvent over time.
The samples were cycled between vacuum and oxygen
atmosphere. After reaching the desired pressure, the sample
was kept at the set pressure for 150 s before applying the next
step. The total duration of the investigations varies due to the
different time it takes to reach the desired pressures. Results of
the cycling measurements are depicted in Figure 9. MOF-76(Eu)
activated at temperatures of 150 °C and above (including
methanol-exchanged sample, Figure 9a–c) shows a fast re-
sponse and no decrease of the initial intensity after ten cycles.
In contrast, MOF-76(Eu) activated at 50 °C and 100 °C (Fig-
ure 9d–e) shows reduction to 53.7% and 65.3% of its initial
photoluminescence emission intensity in the vacuum step of
the tenth cycle. Since this could be caused in part by the
relatively short step holding time of 150 s, which is shorter than
the response time of the sensor, another measurement of MOF-
76(Eu) activated at 100 °C with an oxygen exposure time of
80 min and a vacuum step time of 30 min was carried out
(Figure 10). The emission quenching reaches an equilibrium in
the oxygen steps of the cycling measurements, but during
vacuum steps the intensity cannot be fully recovered. This
indicates that the oxygen cannot be fully removed from the
pores again and the solvent is trapping it inside the pores by
slowing down diffusion. In the following oxygen addition step,
the emission intensity is quenched a little bit stronger than in
the step before, as it was also observed in the ten-cycle
measurement. Thus, a longer exposure to oxygen leads to a
slowly ongoing diffusion of more oxygen into the pores. This
also explains that the intensity in the second vacuum step is
not fully recovered.

Figure 8. Comparison of time and activation condition dependent Stern-
Volmer kinetics after dosing of oxygen for MOF-76(Eu) activated at 50 °C and
100 °C as well as 150 °C, 250 °C and methanol-exchanged at 250 °C. For MOF-
76(Eu) activated at 50 °C and 100 °C, data recorded at 0.01 bar was not
considered, because no equilibrium was reached at this oxygen pressure.
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Experimental

Synthetic Procedures

Synthesis of MOF-76(Eu): A procedure according to Rosi et al. was
used and modified.[48] In a mixture of DMF and demineralized water
(3 : 1, 60 mL), Eu(NO3)3 · 6H2O (638 mg, 1.43 mmol; abcr, 99.9%) and
1,3,5-benzenetricarboxylic acid (300 mg, 1.43 mmol; abcr, 98%)
were dissolved. Hydrochloric acid (0.5 mL, conc.) was added and
the solution transferred to a pressure tube (Ace Glass 8648-27,
120 mL, Front Seal Plug). With a heating jacket (Horst MA03078 with
HT MC11 controller) this solution was heated to 80 °C (heating/
cooling ramp: 2 h/4 h) for 12 h. The product was obtained as
colorless needles and vacuum-filtrated over a fritted glass crucible
(Por. 4) and washed three times with DMF.

Activation of MOF-76(Eu): The as-synthesized MOF (100 mg) was
transferred to a glass tube with Young valve. The tube was
evacuated (0.001 mbar) and the sample heated to the desired
temperature using a heating jacket (Horst MA03078 with HT MC11
controller) for 15 h. After this procedure the powders were trans-
ferred to an argon glovebox.

Analytical Investigations

X-ray powder diffraction: Structure of the synthesized MOF was
characterized using a PANalytical X’Pert Pro diffractometer
equipped with a X’Celerator detector. Measurements were carried
out with angle ranges of 2θ from 5° to 60°, a step width of 0.033°
and an exposure time of 150 s. Copper Kα radiation was used.
Activated MOF-76(Eu) was prepared in an Ar glovebox using an
inert sample holder that was sealed with Kapton foil. Bruker
DIFFRAC.EVA Version 5.2.0.5. was used to perform a background
correction on the measured powder diffractograms. Simulations
of diffractograms were created with CCDC Mercury 2021.3.0 from
5° to 60° with a step size of 0.02° and FWHM (full width at half
maximum) of 0.1.

Photoluminescence spectroscopy: A Horiba Jobin Yvon Fluorolog 3
equipped with a 450 W short-arc lamp (USHIO), a UV xenon
flashlamp (Excelitas FX-1102), double-grated excitation and emission
monochromators, a photomultiplier tube (R928P) and a TCSPC
(time-correlated single-photon counting) upgrade was used to
record photoluminescence excitation and emission spectra. The
spectra were corrected for spectral response of monochromators
and detectors with spectral corrections provided by the manufac-
turer. In addition, a correction for the spectral response of the lamp
was performed for the excitation spectra with a photodiode

Figure 9. Cycling measurements of MOF-76(Eu) activated at different con-
ditions. The length of the cycles varies due to different times required to
reach the desired pressure.

Figure 10. Oxygen cycling investigation of MOF-76(Eu)@100 °C with an
oxygen exposure time of 80 min and a vacuum step length of 30 min.
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reference detector. An edge filter (Newport, cutoff wavelength:
495 nm) was used to cover the full spectral range. Emission
intensity decays were measured using the DataStation software and
fitted monoexponentially with Decay Analysis Software 6. The
samples were prepared in air and filled into round quartz glass
cuvettes.

Photoluminescence quantum yield was determined using another
Horiba Jobin Yvon Fluorolog 3 equipped with a 450 W short-arc
lamp (USHIO), double-grated excitation and emission monochroma-
tors and a photomultiplier tube (R928P) combined with a HORIBA
Quanta-φ integrating sphere (F-3029). The sample was prepared in
ambient atmosphere and filled into a micro cell cuvette (Starna 18-
F/ST/C/Q/10). Reference material (magnesium oxide) and sample
were measured several times and the quantum yield with standard
deviation calculated subsequently. Calibration of Integrating Sphere
was checked by additional standards (sodium salicylate powder,
λex=340 nm, λem=365–600 nm; measured QY=55.7(4)%, literature
value: 53%;[59] [Eu4(OAc)12(phenylterpyridine)2], λex=310 nm, λem=

575–720 nm; measured QY=64.5(2.8)%, literature value:
57.9(3.9)%[60]).

Physisorption: A Quantachrome Autosorb AS-1MP was used to
perform physisorption measurements using AS1win software.
The activated MOFs were measured without further outgassing.
N2 (Nippon gases, 5.0) was used as adsorbate at 77 K. Surface
areas were determined with the 5-point BET method using
ASiQwin version 5.2. The linear section of the BET plot was
determined via single-point BET method. The point showing the
highest single-point BET surface area and the four preceding
points were chosen for the 5-point BET method. Multi-point BET
plots and related information can be found in the supporting
information.

Elemental analysis: To determine the elemental composition of
activated MOF-76(Eu), the powders were placed on a tin foil and
pressed to a pellet. Measurements were carried out on an Elementar
Unicube.

Thermal analysis: Differential thermal analysis and thermogravim-
etry were simultaneously measured using a NETZSCH STA-409-PC
coupled with a QMS 403 Aëolos Quadro. Argon was used as
protective gas with a flow rate of 20 mL ·min� 1 and as working gas
with a flow rate of 30 mL ·min� 1. The samples (10–20 mg) were
heated up to 1000 °C (ramp: 5 °C ·min� 1).

Oxygen sensing: The above-mentioned Horiba Jobin Yvon Fluorolog
3 spectrometer used for quantum yield determinations was also
used for the oxygen gas sensing measurements. The spectrometer
was coupled to a physisorption device (Quantachrome Autosorb AS-
1MP). Powders were placed in an L-shaped sample cell with a
window made of Suprasil to prevent excitation or emission
radiation from being absorbed by the glass. A glass fiber was
attached to this window, allowing measurements to be made
outside the spectrometer. O2 and He were purchased from Nippon
Gases and had a purity of 5.0.

First, the sample cell was flushed three times with He and
evacuated to 10� 7 bar to measure a reference emission spectrum.
Then a physisorption analysis was started with p/p0 points from
0.01 to 0.99. This measurement was performed at room temper-
ature and p0 was set to 760 mmHg to ensure that the points were
collected at the desired absolute pressures. The two measurement
PCs were connected in a local network and the program
AutoHotkey was used to read the Autosorb log file from the
Fluorolog PC and automatically start the collection of emission
spectra when oxygen was dosed into the sample cell. Measurement
of emission spectra was started with a time interval of 3 min. For
samples showing a faster response towards oxygen the measure-

ment was started before dosing of oxygen into the sample cell and
the emission maximum of Eu3+ was measured every 0.1 s
(corresponding to integration time). An edge filter (Newport, cutoff
wavelength: 400 nm) was used.

Conclusions

In this work, an investigation on the influence of activation
on luminescent oxygen sensing in MOF-76(Eu) was con-
ducted that shows a strong impact of activation parameters
on the overall performance of the sensor regarding sensitivity
through quenching efficiency and response time. The arche-
type metal–organic framework MOF-76(Eu) is a potential
optical oxygen sensor, whether activated or not, but
activation is vital to reach the full potential of the sensor. To
show this, MOF-76(Eu) was activated at different temper-
atures of 50 °C, 100 °C, 150 °C and 250 °C, and was addition-
ally DMF/methanol-exchanged before activation at 250 °C.
The different temperatures result in a different degree of
solvent removal/residues from the synthesis in the MOF
pores. Physisorption analysis confirmed this exhibiting no
porosity for N2 adsorption and low surface area for MOF-
76(Eu) activated up to 100 °C. In contrast, activation at 150 °C
and above showed accessible microporosity and much higher
surface areas up to 768 m2g� 1 for methanol-exchanged MOF-
76(Eu). These observations correlate well with the oxygen
sensing results in term of quenching rate and response time.
Due to the low accessibility of the pores, an activation at
50 °C or 100 °C leads to a medium quenching rate of about
80% within 30 min. Residual solvent in the pores slows the
diffusion of oxygen through the occupied pores down.
Activating MOF-76(Eu) at 150 °C and above leads to a
significant change, with a maximum for the methanol-
exchanged MOF-76(Eu) activated at 250 °C accompanied by
the highest quenching rate of 98.6%. As result of successful
activation and removal of the solvent, the pores are more
easily accessible leading to a very short response time of only
0.2 s. Activation thereby marks the difference between a
sensor suitable for “on-the-fly” sensing by the eye due to the
short response time. Moreover, the residual solvent influen-
ces Stern-Volmer kinetics and results in incorrect values for
Stern-Vomer constants calculated from photoluminescence
spectra collected before equilibration of the system. Since
the Stern-Volmer constant is considered to quantify the
strength of quenching, this underlines the importance of
considering the activation as key parameter for oxygen gas
sensing. Cycling measurements showed that sufficient activa-
tion is also important for the reusability of MOF-76(Eu) as
oxygen sensor. MOF-76(Eu) activated at 150 °C and 250 °C
(including methanol-exchange) showed reversibility of the
initial intensity after ten cycles, whereas activation at temper-
atures below 150 °C is not suitable to recover the initial PL
intensity in vacuum of the first cycle. Overall, the activation
of a MOF is not only important for reaching high surface
areas, in oxygen gas sensing it plays a key role for several
highly relevant sensing parameters ranging from sensitivity
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to response time and even cyclability/reusability. MOF
activation thereby defines the performance of the sensor for
this kind of optical sensing.

Supporting Information
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