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Introduction

Europium and cobalt modified MOF-808:
a humidity-responsive fluorescent barcodef

Nele Marquardt® and Andreas Schaate 2 *

Stimuli-responsive luminescent materials can be used to design anti-counterfeit barcodes because even
small changes in environmental conditions, such as temperature or the molecules present, can lead to
changes in the fluorescence behavior of the materials, enabling dynamic information encoding. Metal-
organic frameworks (MOFs) are promising materials for the design of stimuli-responsive barcodes, as their
modular structure allows fine tuning of the fluorescence, which in turn can be switched in response to
external stimuli. In this work, we present a humidity-responsive fluorescent barcode prototype based on
europium- and cobalt-modified MOF-808, which exhibits fluorescence switching in response to changes
in relative humidity. The combination of cobalt and europium cations in the same material, along with the
coordination ligands on the cobalt cations, are crucial for the functionality of this barcode. By selectively
suppressing the fluorescence of europium through the absorption of cobalt complexes in the same
energy range, the initial fluorescence intensity of the material can be adjusted. The additional coordination
of water molecules to the cobalt centers leads to the formation of cobalt complexes with higher ligand
field splitting energy, resulting in a stepwise reactivation of the emission of the europium cations. This can
be readily accomplished by exposing the material to different relative humidities. As a result, the barcode
provides a higher level of security, as its decoding must be performed under controlled atmospheric
conditions, and it is user-friendly since no harmful chemicals are required during the reading process.
Additionally, the initial state must be restored before each decoding by heating, as the fluorescence
changes dynamically according to the environmental conditions. These characteristics of the material
underline the anti-counterfeiting capabilities of the barcode.

the framework” or installed at coordination sites at the linker
molecules.’ In both cases, different types of lanthanide cations

In the modern world, anti-counterfeiting technologies are crucial
for ensuring information security and verifying the authenticity of
documents like passports, health data and certificates. In addition
to commonly used techniques like watermarks, holograms and
color changing inks, luminescent materials are increasingly being
considered. These materials allow a visible read-out and exhibit a
large variability of the output, depending on the manipulation of
luminescence during the reading process."
Lanthanide-containing metal-organic frameworks (MOFs)
have garnered increasing interests in recent years due to their
outstanding fluorescence properties.” Lanthanide cations exhibit
distinct, characteristic emissions, which have to be sensitized by
so-called antenna molecules, like the linker molecules of the
MOF, to achieve higher fluorescence intensities.® These cations
can be incorporated into the inorganic building units (IBUs) of
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can be integrated into the same framework, combining their
unique fluorescence properties within a single material.®

To enhance information security, the fluorescence of differ-
ent lanthanides cations has often been combined to generate
barcodes, providing additional security through excitation at
different wavelengths or varying fluorescence lifetimes.”
However, superior security can be achieved by developing
stimuli-responsive luminescent materials. These materials are
designed to exhibit specific fluorescence responses to external
stimuli, like changes in temperature,® pH,°® or the presence of
solvents, molecules or ions'® in the environment.

Temperature-dependent changes in the fluorescence are often
applied to Ln-MOFs including those containing red-emissive Eu®*
and green-emissive Tb®* cations. These changes are induced by
varying the efficiency of energy transfer from Tb*" to Eu**, result-
ing in a fluorescence color shift. Gao et al.'* presented a hetero-
geneous bimetallic Ln-MOF constructed by epitaxial growth. They
designed barcodes by controlling the doping content of Tb-btc
(benzene-1,3,5-tricarboxylate) with europium cations, synthesizing
microrods consisting of a central block and two ends. These
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barcodes exhibit thermally controlled emission colors and sharp
lanthanide emission bands. Heating enhances energy transfer
from Tb*" to Eu®", shifting the fluorescence color from green to
yellow in the central block and from yellow to red at the ends,
depending on the europium content.

Solvents can also influence the luminescence of lantha-
nides. For instance, Xia et al.'®> demonstrated a europium-
based MOF, Eu(bdc)-NH, (benzene-1,4-dicarboxylate), which
shows water-responsive multicolor fluorescence. Unlike the
red emission of europium, the blue linker emission is not
affected by an increasing water content in THF, resulting in a
luminescent color change from red to blue.

Additionally, molecules and ions can act as luminescence
quenchers. Othong et al.'® reported that styrene effectively
quenches the luminescence of bimetallic lanthanide-MOFs
Eu/Tb-phda (1,4-phenylenediacidic acid). This property was
utilized to design a barcode material with MOF ink that is
visible under UV light and can be selectively quenched by
applying styrene ink. The quenching is self-erasable due to
evaporation of styrene within one hour. Similarly, Zhang et al.**
used Ln-MOF ink based on europium or terbium to create
patterned boxes. The initial fluorescence was altered by adding
various dissolved cations and molecules. For instance, dropping
copper(n) solution into specific MOF ink boxes changed the
fluorescence from blue to red or violet to green. Further decoding
was realized by adding the anti-cancer drugs molecules 6-
mercaptopurine (6-MP) and 6-thioguanine (6-TG), resulting in
additional fluorescence color changes. This created a three-
dimensional (3D) multi-level anti-counterfeiting fluorescent label.

We have designed a barcode responsive to external stimuli.
The read-out involves a sequence of exposure to gaseous NHj,
heating to 120 °C and treatment with gaseous HCI, which induces
specific fluorescence switching and simultaneous color changes.
The materials for the barcode are zirconium-based MOF-808
modified with cobalt or iron cations, respectively, and europium
cations. It is embedded in polyvinylidene fluoride to obtain
mixed-matrix membranes enabling the arrangement of cut
squares in a custom pattern."> However, this read-out sequence
is not user-friendly, requiring the use of hazardous chemicals.

Initially, both materials exhibit quenched fluorescence, but
only Eu,Co-MOF-808 shows an increase in fluorescence at
higher relative humidities. This is an unexpected response to
water exposure, as O-H vibrations typically quench the fluores-
cence of lanthanides."® Due to these changes in luminescence
intensity upon dehydration and rehydration, luminescent
Ln-MOFs are being intensively researched for humidity
detection.”” ™ For instance, an upconversion luminescent
Y/Yb/Er-MOF was demonstrated as a humidity sensor, exhibiting
a linear fluorescence quenching response to relative humidity in
the range of 11% to 95%, with cyclic stability due to energy
absorption by water molecules.>® However, some humidity sen-
sors have also been reported to exhibit increasing luminescence
intensities at elevated humidities. This phenomenon is often
attributed to the removal of water molecules, which leads to
increased thermal vibrations of the framework, resulting in less
effective energy transfer between the ligands and the lanthanide
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cations. The re-entry of water molecules into the framework
results in the formation of hydrogen bonds with the framework,
which in turn restores the luminescence intensity.'” Wang
et al* reported a luminescent Eu-MOF with 1D pore channels
filled with water molecules showing a linear increase in lumi-
nescence intensity from 33% to 85%.

Other reported methods for water detection via luminescence
changes of Ln-MOFs involve the introduction of color-changing
functional groups, encapsulation of guests and the insertion of
multiple emission centers into the framework.'®** Zeng et al*?
demonstrated that colorimetric detection of moisture using a
cobalt-containing MOF is also a promising approach. This method
is based on a color change from claret red to pink, caused by
changes in ligand field energies of the d-orbital of cobalt(u) to the
common pink color of a regular octahedral cobalt(u).

Beyond that, the presence of cobalt cations also can affect
the fluorescence of europium cations, because of the resonance
between the Eu(m) excited states and the broad absorption of
Co(u) cations due to d-d transitions. This overlap in absorption
bands of transition metal cations and the narrow line emission
spectra of lanthanide cations results in the quenching of the
Ln(m) emission, with the quenching efficiency depending on
the concentration of transition metal cations.>*

Inspired by these humidity sensor researches, we aim to
develop a new read-out method for the Eu,Co-MOF-808 barcode
prototype that is user-friendly and realized by varying
the relative humidity instead of using hazardous chemicals.
Our goal is to clarify how the interplay between cobalt cations
in the material and humidity influences fluorescence, enabling
targeted fluorescence switching.

Experimental
Materials

Zirconium(v) chloride (> 99.5%, ZrCl,, Sigma Aldrich), benzene-
1,3,5-tricarboxylic acid (95%, trimesic acid, Hsbtc, CoHgOg, Sigma
Aldrich), N,N-dimethylformamide (>99.8%, ACS reagent, DMF,
C;H;NO, Sigma Aldrich), acetic acid (>99.7%, ASC reagent,
CH;COOH, Sigma Aldrich), hydrochloric acid (37%, ACS reagent,
HCI, Sigma Aldrich), acetone (technical, C;HgO, Fisher Chemical),
ammonium carbonate (EMSURE, ACS reagent, (NH,),CO3, Sigma
Aldrich), deuterium oxide (deuteration degree min. 99.95% for
NMR spectroscopy, D,O, Sigma Aldrich), cobalt(u)-chloride hex-
ahydrate (reagent grade, CoCl,-6H,O, Sigma Aldrich), cobalt(u)-
acetate tetrahydrate (reagent grade, Co(C,H3;0,),-4H,0, Sigma
Aldrich), cobalt(u)-nitrate hexahydrate (reagent grade, Co(NO;),-
6H,0, Sigma Aldrich), europium(um)-nitrate hexahydrate (99.9%,
Eu(NO3)3-6H,0, Thermo Scientific), methanol (>99%, MeOH,
Roth), poly(vinylidene fluoride) (average M,, ~ 180000 by GPC,
average M,, ~ 71000, beads or pellets, PVDF, Sigma Aldrich).

Synthesis of MOF-808-FA and -AA

The water-based synthesis of MOF-808-FA and -AA was per-
formed in round-bottom flasks under reflux conditions and
stirring, using a modified approach from Farha et al.>®

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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ZrCl, (30 mmol, 1 eq.) and Hszbtc (10 mmol, 0.33 eq.) were
dissolved in a mixture of concentrated HCl (1 mL, 0.4 eq.),
formic acid (35 mL, 30.9 eq.) or acetic acid (50 mL, 26.9 eq.),
and distilled water (100 mL, 184.7 eq.). The mixture was heated
in an oil bath at 110 °C for 24 hours. The resulting white
MOF-808-X powder was isolated by centrifugation (6000 rpm,
10 minutes) and washed three times with distilled water and
two times with acetone. The powder was pre-dried at 60 °C for
at least 2 hours, followed by further drying at 120 °C.

Synthesis of MOF-808

To obtain MOF-808 with a reduced amount of modulators,
4 g MOF-808-FA were extracted with methanol for 27 hours.
Afterwards, the white powder was pre-dried at 60 °C for 2 hours,
followed by further drying at 120 °C.

Post-synthetic modification with cobalt cations

The incorporation of cobalt cations was performed in DMF.
CoCl,-6H,0 (0.5 to 6 eq.) was dissolved in DMF (6.67 mL) by
ultrasonication. MOF-808 or MOF-808-AA (100 mg, 1 eq.),
respectively, was soaked in the blue solution at rt for one hour,
respectively. The powders were isolated by centrifugation
(6000 rpm, 10 minutes), washed with DMF until the super-
natant became colorless and then washed once with acetone.
The blue products were dried at 60 °C.

The post-synthetic modification was also performed using
Co(OAc),-4H,0 (6 eq.) and Co(NO3),-6H,O (6 eq.) as cobalt salts
for MOF-808 as described above for one hour. The obtained
powders were violet and light blue in color.

Post-synthetic modification of Co-MOF-808 and Co-MOF-808-
AA with europium cations

The insertion of europium was performed in acetone at room
temperature. Eu(NO3);-6H,0 (6 eq.) was dissolved in acetone
(3.334 mL) by ultrasonication. Then, Co-MOF-808 or Co-MOF-
808-AA (50 mg, 1 eq.), respectively, was soaked in the colorless
solution for one hour. After centrifugation (6000 rpm, 10 minutes),
the powders were continuously washed until reaching a colorless
supernatant. The powders were dried at 60 °C.

Preparation of mixed-matrix membranes

For the preparation of the mixed-matrix membranes (MMMs),
the previously reported protocol™® was slightly modified. Co-
MOF-808-AA powder (240 mg), which was synthesized with
0.5 eq., 1 eq. and 5 eq. CoCl,-6H,0, respectively, was dispersed
in acetone (10 mL) by ultrasonication for 30 minutes. Simulta-
neously, polyvinylidene fluoride (160 mg) was dissolved in DMF
(2.08 mL) under continuous stirring and gentle heating for
30 minutes. The solution was added to the MOF mixture and
mixed again by ultrasonication for 30 minutes. The solvent was
then evaporated under reduced pressure. The resulting ink was
manually applied to a glass with a doctor blade and heated to
70 °C in an oven without circulating air for at least one hour.
The final MMM delaminated from the glass after cooling or was
removed with a razor blade.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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To generate Eu,Co-MOF-808-AA@PVDF, the cobalt-containing
MMMs were cut into strips. The strips were soaked in a solution
of Eu(NOj;);6H,0 (28 mg) dissolved in acetone (2 mL) for
10 minutes. Afterwards, the strips were washed several times with
acetone and dried at 60 °C.

Characterization methods

"H-NMR spectroscopy was conducted at room temperature at
400 MHz using a Bruker BioSpin spectrometer. The samples
were dissolved in 0.6 mL of 1 M (NH,),CO; solution in D,0O
under stirring overnight. The spectra were analyzed using
TopSpin 4.0.9 software.

Emission spectra were detected using the portable fluores-
cence spectrometer Indigo from GoyaLab. The samples were
placed in a self-designed, 3D-printed measuring cell with two
gas ports to enable measurements under gas flow. The samples
were covered with a 3D-printed mask and the Indigo spectro-
meter was placed on top of the mask. Excitation was performed
with a wavelength of 300 nm.

Fluorescence measurements
humidities were performed using the relative humidity gen-
erator RH-200 from L&C. The humidified argon stream
was directed through the measuring cell at 0.5 bar and
500 mL min *. The selected relative humidities - 20%, 30%,
60% and 90% - were maintained constant for 20 minutes each.
Spectra were recorded every 10 seconds.

Powder X-ray diffraction (PXRD) was carried out using a Stoe
Stadi P transmission diffractometer operating with Ge(111)-
monochromatized CuK,,; radiation (1 = 1.54056 A) and a posi-
tion sensitive Mythen 1K detector.

Argon physisorption isotherms were measured at 87 K using
a Micromeritics 3Flex instrument. The powder samples were
outgassed at 120 °C in vacuum immediately prior to the
measurement. The BET surface area was determined using
the 3Flex Version 5.02 software, enabling the assessment of
the relative pressure range for BET according to the Rouquerol
plot. The pore width distribution was investigated using NLDFT
for cylindrical pore geometry.

Water physisorption isotherms were recorded at 298 K on a
vapor 100 °C from 3P instruments. The samples were outgassed
at 120 °C in vacuum immediately prior to the measurement.

Scanning electron microscopy (SEM) measurements were
performed using a Hitachi Regulus 8230 scanning electron micro-
scope with secondary electrons at 2 kV. The working distance was
approximately 10 mm. Energy-dispersive X-ray (EDX) spectra were
measured with the integrated EDX-detector Oxford UltiMAX 100
in mapping mode, with a working distance of 10 mm and a
measurement time of 5 minutes. Data were quantitatively evalu-
ated using Aztec Version 6.0 software from Oxford Instruments.
The powders were fixed on a holder with carbon tape.

The UV-vis measurements were performed using a Cary 4000
from Agilent Technologies equipped with a praying mantis
diffuse reflection accessory from Harrick. In situ UV-vis mea-
surements were conducted using a reaction chamber placed in
the praying mantis diffuse reflection accessory. The relative
humidity generator RH-200 from L&C was connected to the gas

under controlled relative
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port of the reaction chamber, directing the humidified argon
stream at 0.5 bar and 500 mL min ' through the device.
Relative humidities were adjusted step-by-step, starting with
the lowest (20%), maintained for 20 minutes before progressing
to 30%, 60% and 90%. Spectra were recorded in the range of
470 nm to 770 nm.

Results and discussion

Impact of the amount of cobalt cations on the fluorescence
intensity

To verify that the quenching effect of the europium fluorescence
in Eu,Co-MOF-808 is caused by the excitation of d-d transitions
of the inserted cobalt cations, we first investigated the correla-
tion between the amount of incorporated cobalt cations and the
intensity of the fluorescence of europium cations. To facilitate
the incorporation of metal cations, it is beneficial to increase the
amount of open coordination sites in MOF-808 by removing non-
structural ligands such as modulator molecules from the synth-
esis prior to post-synthetic modification with metal cations.
For instance, this can be efficiently accomplished by solvent
exchange with methanol of formic acid-modulated MOF-808
(MOF-808-FA).>® The amount of formate anions could be
reduced from about four to one per IBU in the resulting material,
MOF-808 (see Fig. S1a, ESIt), which still retains its crystallinity
after the procedure (see Fig. S1b, ESIt).

The post-synthetic modification of MOF-808 was performed
by dissolving cobalt(un) chloride hexahydrate in N,N-
dimethylformamide and soaking the MOF powder in this
solution for one hour. To investigate the effect of different
amounts of cobalt cations inside the framework on the fluores-
cence intensity of Eu,Co-MOF-808, the concentration of cobalt
chloride hexahydrate was varied from 0.5 eq. to 6 eq. with
respect to the Zrg cluster of MOF-808. The amount of intro-
duced cobalt cations was determined by EDXS measurements
(see Table S1, ESIf) and plotted against the corresponding
amount of cobalt cations added to the solution in Fig. 1a.
The maximum amount of cobalt cations that can be intro-
duced, approximately 1.5 per IBU, is achieved by adding 3 or
more eq of cobalt(n) chloride hexahydrate to the synthesis
solution. The addition of 0.5 eq. and 1 eq. of cobalt(u) chloride
hexahydrate corresponds to the incorporation of approximately
0.7 eq. and 1.3 cobalt cations per IBU, respectively.

The synthesized Co-MOF-808 powders were subsequently
modified with europium(m) nitrate hexahydrate dissolved in
acetone for one hour. This resulted in a significant reduction of
cobalt cations in the samples (see Fig. 1a). After this procedure,
the resulting Eu,Co-MOF-808 powders exhibited residual cobalt
content ranging from 0.1 to 0.5 cobalt cations per IBU, depend-
ing on the initial amount of cobalt salt added to the synthesis
mixture for the respective Co-MOF-808 samples. The intro-
duced amount of europium cations ranged from 1.3 to 1.5
per IBU (see Fig. S2 and see Table S1, ESIt). The structure of
MOF-808 remained stable after the modification steps (see Fig.
S3, ESIY).
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Fig. 1 (a) Amount of incorporated cobalt cations per Zrg cluster as a
function of the cobalt equivalents added during the synthesis of Co-MOF-
808 before (blue) and after (turquoise) insertion of europium cations. (b)
Fluorescence spectra of Eu,Co-MOF-808 including different amounts of
cobalt cations per Zrg cluster. (c) Area of the emission peak of Eu,Co-MOF-
808 at 613 nm as a function of the amount of cobalt cations incorporated.
(d) UV-vis spectra of selected samples containing different amounts of
cobalt cations per Zrg cluster.

The influence of incorporated cobalt cations on the fluor-
escent properties of the materials was investigated by compar-
ing the fluorescence spectra of samples with cobalt contents of
0.14, 0.36 and 0.51 Co:Zr (see Fig. 1b). The intensities were
compared by determining the area under the main peak at
613 nm and normalizing all values to that of the material with
the highest fluorescence (see Fig. 1c). It was observed that the
fluorescence of Eu,Co-MOF-808 diminishes progressively with
increasing cobalt content within the framework. Specifically, the
emission from the 0.51 Co:Zrs sample is more than five times
weaker than that of the 0.14 Co:Zr, powder, demonstrating that
even small variations in the cobalt cation content have a pro-
nounced effect on the fluorescence performance of europium.

We hypothesize that the fluorescence quenching is caused
by energy transfer between the incorporated europium and
cobalt cations. The radiationless energy transfer from the
excited states of the europium cations to the cobalt cations
leads to the excitation of d-d transitions. To verify this theory,
UV-vis spectra were recorded for the above-mentioned samples
(see Fig. 1d). The absorption of the materials is in the range of
500 nm to 750 nm, which completely overlaps with the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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wavelength range where the characteristic emission peaks of
the europium cations are located. A higher loading of the
material with cobalt cations results in a higher absorption
intensity in this wavelength range which is accompanied by a
reduction in fluorescence intensity (see Fig. 1b).

We previously reported that the initially quenched fluores-
cence of Eu,Co-MOF-808 can be activated by exposing the
sample to a humid atmosphere."® Based on this insight into
the fluorescence behavior of the system, we performed fluores-
cence measurements of Eu,Co-MOF-808 in a humid nitrogen
stream for five minutes and recorded the UV-vis spectra of the
as-synthesized and water-exposed samples (see Fig. S4, ESIT).
The fluorescence intensity of the material increases with water
exposure, while the absorption intensity of the sample simulta-
neously decreases in the critical wavelength region. This
change coincides with the color change of the powder from
blue to light pink.

The increase in fluorescence intensity is due to a less
efficient quenching effect of the cobalt cations, as their coordi-
nation environment changes from tetrahedral to octahedral
upon water exposure.”’” EDXS measurements confirm that the
amount of chlorides in the framework remains unchanged after
water exposure (see Table S2, ESIT), indicating that the water
molecules additionally coordinate to the cobalt cations, alter-
ing their coordination geometry. Moreover, the water molecules
induce stronger ligand field splitting. As a result, the excitation
of the d-d transitions of the generated cobalt complex with
higher ligand field splitting energy requires higher energies.
Consequently, the energy of the excited states of europium is no
longer transferred to the cobalt cations, thus cancelling the
quenching effect.

Impact of counter anions coordinating to the inserted cobalt
cations

To prove that the type of the cobalt complex at the IBUs is
essential for the fluorescence turn-on by water molecules, we
also synthesized Co-MOF-808 with cobalt(u) acetate tetrahy-
drate (Co(OAc)-MOF-808) and cobalt(u) nitrate hexahydrate
(Co(NO3)-MOF-808), both structures maintaining high crystal-
linity after the modification (see Fig. S5, ESIT). Co(OAc)-MOF-
808 shows a higher loading of cobalt cations (2 Co:Zre) than Co-
MOF-808 while Co(NO3)-MOF-808 contains only 0.6 Co:Zre. The
differing cobalt loadings can be explained by the pH value of
the synthesis solutions. A higher pH value allows a more
efficient deprotonation of the water molecules and hydroxides
attached to the IBUs, enabling more metal cations to coordi-
nate to the generated oxo anions. After introducing europium,
the amount of cobalt cations is reduced to 1.5 and 0.3 Co:Zr,
respectively, while the amount of europium introduced is
almost the same (1.1 Eu:Zrg). The amount of chloride, originat-
ing from the chloride-containing synthesis of MOF-808 and
coordinating to the IBUs of MOF-808 is about 0.1 Cl:Zrs, which
is significantly lower than for Eu,Co-MOF-808.

The fluorescence change of Co(OAc)-MOF-808 by water
exposure (see Fig. S6a, ESIt) is much less pronounced com-
pared to Eu,Co-MOF-808, showing only a slight increase in
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intensity. The absorption peak of the material is located at
570 nm (see Fig. S7a, ESI{), placing the absorption at higher
energies, which significantly reduces the overlap with the
emission spectrum of europium. Consequently, the reduction
in absorption intensity observed after water exposure has little
effect on the fluorescence behavior of the material.
Co(NO3)-MOF-808 shows no absorption peak in the region of
the europium emission (see Fig. S7b, ESI{). Accordingly, no
fluorescence quenching was observed for this sample. Thus,
the material shows the same fluorescence behavior upon expo-
sure to water as Eu-MOF-808:" The fluorescence intensity is
increasingly quenched by water molecules because the coordina-
tion of the water molecule to the first coordination sphere of the
europium cations causes energy transfer from europium to the
vibrational states of the water molecules (see Fig. S6b, ESIt).

In situ fluorescence and UV-vis measurements under varying
relative humidity atmosphere

We have previously reported that the fluorescence intensity of
Eu,Co-MOF-808-AA (synthesized using acetic acid as a modu-
lator), which has already been described as a barcode material,
can be controlled by the prevailing relative humidity.'®
To confirm that even with this material changes in absorption
caused by changes in relative humidity affect the fluorescence
of the material, we also present the corresponding in situ UV-vis
measurements performed in a reaction chamber by applying
relative humidities from 10% to 90% for 10 minutes each.
The absorption intensity of the material (see Fig. 2a) decreases
progressively with higher relative humidities, with the largest
changes in the range from 20% to 50%. This suggests that in
this relative humidity range, the most pronounced changes in
the coordination sphere occur through the coordination of
water molecules to cobalt cations. Above a relative humidity
of 50%, only small changes in absorbance of about 5% per step
can be observed, indicating that further increases of water
molecules in the atmosphere have a less significant impact
on the coordination sphere of the cobalt cations and that the
complex transformation is largely complete.

The fluorescence behavior of the material aligns perfectly
with the absorption changes showing the highest increase in
fluorescence intensity in the mentioned range of relative humid-
ities (see Fig. 2c). Above 50% RH, the quenching effect is almost
abolished because there are almost no cobalt complexes left that
are not additionally coordinated by water molecules. This
indicates that the d-d transitions are consistent with the emis-
sion energy of the europium cations. When comparing the
absorption and fluorescence intensities at 614 nm as a function
of the applied relative humidities, they correlate perfectly in the
opposite direction (see Fig. 2b). This again highlights that the
fluorescence behavior of the material is related to the ligand
field splitting of the cobalt complex present at the IBUs.

Read-out of Eu,Co-MOF-808-AA by applying different relative
humidities

Combining the insight that the amount of incorporated cobalt
cations and the prevailing relative humidity have a direct
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humidities and (c) fluorescence measurements of Eu,Co-MOF-808-AA.

influence on the fluorescence intensity of Eu,Co-MOF-808, we
want to investigate the potential of the material for the design
of a barcode prototype.

For this purpose, we synthesized Eu,Co-MOF-808-AA contain-
ing 0.23, 0.39 and 0.45 Co:Zr, as described for MOF-808 as the
starting material (see Table S3 and Fig. S8, ESIt) since this MOF
has already been examined in more detail as barcode material.'®

The modified materials retain high porosity, confirmed by
the BET surface areas, varying from 1370 m* g~ ' to 1130 m> g~
depending on cobalt content (see Fig. S9a, ESIT). Additionally,
the amount of inserted cobalt cations also affects the hydro-
philicity of the framework. Compared to the unmodified MOF-
808-AA, the materials modified with cobalt and europium
cations show higher hydrophilicity. The half adsorption points
of the water sorption isotherms range from 0.33 to 0.38,
depending on the cobalt content (see Fig. S10a, ESIt). Thus, a
higher amount of cobalt results in a more hydrophilic material,
which is consistent with the fact that water molecules can
coordinate not only to the IBUs, but also to the introduced
cobalt cations. Additionally, the area of relative pressure at
which water uptake occurs correlates with the area of greatest
fluorescence increase, further supporting the relationship
between water uptake and the increase in fluorescence.

The materials were exposed to different relative humidities
and in each case the change in fluorescence intensity was
detected over a period of 20 minutes in 10-second steps. Based
on the measurements of Eu,Co-MOF-808-AA (see Fig. 2b), rela-
tive humidities of 20%, 30%, 60% and 90% were applied,
expecting the most pronounced differences in the fluorescence
intensities (see Fig. 3, see Fig. S11, ESIY). Prior to the applica-
tion of each relative humidity, the samples were heated to 60 °C
to return to their initial states.

For this purpose, we synthesized Eu,Co-MOF-808-AA con-
taining 0.23, 0.39 and 0.45 Co:Zr, as described for MOF-808 as
the starting material (see Table S3 and Fig. S8, ESIt) since this
MOF has already been examined in more detail as barcode
material."?
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The modified materials retain high porosity, confirmed by
the BET surface areas, varying from 1370 m*> g~ ' to 1130 m* g~ *
depending on cobalt content (see Fig. S9a, ESIt). Additionally,
the amount of inserted cobalt cations also affects the hydro-
philicity of the framework. Compared to the unmodified MOF-
808-AA, the materials modified with cobalt and europium
cations show higher hydrophilicity. The half adsorption points
of the water sorption isotherms range from 0.33 to 0.38,
depending on the cobalt content (see Fig. S10a, ESIT). Thus, a
higher amount of cobalt results in a more hydrophilic material,
which is consistent with the fact that water molecules can
coordinate not only to the IBUs, but also to the introduced
cobalt cations. Additionally, the area of relative pressure at
which water uptake occurs correlates with the area of greatest
fluorescence increase, further supporting the relationship
between water uptake and the increase in fluorescence.

The materials were exposed to different relative humidities
and in each case the change in fluorescence intensity was
detected over a period of 20 minutes in 10-second steps. Based
on the measurements of Eu,Co-MOF-808-AA (see Fig. 2b), rela-
tive humidities of 20%, 30%, 60% and 90% were applied,
expecting the most pronounced differences in the fluorescence
intensities (see Fig. 3, see Fig. S11, ESIt). Prior to the applica-
tion of each relative humidity, the samples were heated to 60 °C
to return to their initial states.

At a relative humidity of 20%, the materials with a cobalt
content of 0.39 and 0.45 Co:Zr, exhibit a fairly similar fluores-
cence behavior while the former one showing slightly higher
fluorescence intensity, consistent with the quenching effect of
the cobalt complexes at the IBUs (Fig. 4a). No remarkable
changes in fluorescence compared to the initial state can be
detected. The material with a lower cobalt content (0.23 Co:Zry)
generally shows slightly higher starting fluorescence intensity,
which then gradually increases over the initial 10 seconds
before stabilizing at a consistent level (see Fig. 3a). The fluores-
cence tendencies of the materials align with their absorption
intensities at 613 nm. While the absorption intensities of the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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relative humidity with an exposure time of 20 minutes.

materials with higher cobalt content are close to each other,
that of the material with a cobalt content of 0.23 Co:Zrg is
distinct lower (see Fig. 4b and Fig. S12, ESIf). Accordingly, for
materials with higher cobalt content, a relative humidity of
20% does not allow enough water molecules to penetrate the
network and form sufficient cobalt complexes with higher
ligand field splitting energy. In contrast, for materials with
lower cobalt content, this humidity level is sufficient to increase
fluorescence intensity.

When the sample is exposed to a relative humidity of 30%,
the fluorescence intensities increase, with the most pronounced
increase being observed for the sample with the lowest amount
of cobalt cations (see Fig. 3b). Additionally, the deviation of the
fluorescence intensities between the sample with 0.23 and those
with 0.39 or 0.45 Co:Zr, is significantly greater compared to a
prevailing relative humidity of 20% (see Fig. 4a). This suggests
that the quenching effect decreases as more water molecules
coordinate to the cobalt cations. Therefore, lower relative humid-
ities are sufficient to noticeably reduce the quenching effect in
materials with fewer cobalt cations. The absorption intensities in
the wavelength range, where the europium emission takes place,
are already at a low level in the initial state, so slight changes in
absorption have a significant impact on fluorescence intensity
(see Fig. 4b and Fig. S12, ESIf).

The samples with a higher cobalt content also exhibit a
significant increase in fluorescence intensity when exposed to a

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

relative humidity of 60%, with the fastest increase still observed
for the material with the lowest cobalt content (see Fig. 3c).
Thus, at a relative humidity of 60%, enough water molecules
can penetrate the network to largely suppress the quenching
effect even for samples with a higher content of cobalt cations.
This corresponds to the absorption intensity at 613 nm of the
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Fig. 4 Average values of (a) fluorescence read-out answers with different
cobalt contents at 613 nm calculated from the values detected from 15
min to 20 min after starting the exposure to the respective relative
humidities and (b) absorption of Eu,Co-MOF-808-AA.
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materials decreasing significantly compared to 20% RH (see
Fig. 4b and Fig. S12, ESIt).

Consequently, applying a relative humidity of 90% leads to an
even greater and faster increase in fluorescence intensities, as the
high proportion of water molecules in the atmosphere allows for
the rapid formation of the cobalt complexes with higher ligand
field splitting energy (see Fig. 3d). As a result, the amount of
cobalt cations present in the framework becomes less relevant to
the rate at which maximum fluorescence intensities are reached.
It is noticeable that the materials do not show the same fluores-
cence intensities at this relative humidity, although the frame-
work should be nearly saturated with water molecules, so that all
cobalt cations could potentially exhibit an octahedral coordina-
tion environment. This can be explained by the fact that the
absorption range of the materials is hypsochromically shifted by
the formation of the cobalt complex with higher ligand field
splitting energy, but still shows slight overlap with the wavelength
range in which the emission of europium takes place (see Fig. 4b).
Accordingly, materials with a higher cobalt content still exhibit
lower fluorescence intensities than those with a lower content at
90% RH (see Fig. 4a).

We have already reported that Eu,Co-MOF-808-AA can be
used as a barcode prototype, as its color and fluorescence can
be switched in a controlled manner by applying a defined read-
out sequence.'”> However, this sequence involves exposure to
gaseous ammonia, activation at 120 °C and treatment with
gaseous hydrogen chloride, making the barcode read-out not
user-friendly due to the involvement of harmful chemicals.
As presented here, the fluorescence intensity of Eu,Co-MOF-
808-AA can also be simply controlled by the amount of inserted
cobalt cations and the predominant relative humidity, offering
a new non-hazardous read-out possibility by applying different

f

lockable
a lid

20% 30%
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pre-defined relative humidities to the materials with different
cobalt content. As a prototype, the materials containing differ-
ent amounts of cobalt cations could be arranged in a pattern
with vertical grooves in any order (see Fig. 3a). To realize the
construction of this barcode prototype, a custom pattern was
3D printed. A matching box with a removable lid was also
designed to set the respective relative humidity. This box
includes a gas inlet and outlet, allowing direct connection to
the humidifier (see Fig. 5a). For the read-out of the constructed
barcode, the required relative humidity must be applied and
the fluorescence measured after an exposure time of approxi-
mately 15 minutes. The fluorescence responses can be con-
verted into a barcode, with the width of the bars correlating
with the fluorescence intensities of the materials at the respec-
tive positions, as the materials show different emission inten-
sities depending on the amount of incorporated cobalt cations
(see Fig. 4a and Fig. S13, ESIt).

To obtain the correct read-out, the fluorescence measure-
ments must be performed at the pre-defined relative humidity.
Even small deviations in relative humidity could lead to a
barcode showing different bar widths, making it difficult to
obtain a correct read-out. However, this variability adds a
higher level of security, as the correct read-out can only be
obtained under precisely controlled atmospheric conditions.
Moreover, the barcode continuously changes its fluorescence
and color depending on the predominant relative humidity in
the environment, which can also be seen as an advantage in
terms of enhancing anti-counterfeit capabilities. Additionally,
the materials can be used multiple times without loss of
crystallinity and functionality (see Fig. S14a, ESIt). Before each
read-out, they should be heated to 60 °C to replace the water
molecules already present at the cobalt cations.

barcode
pattern

60% 90%

C
Fig. 5

(a) Illustration of the self-designed 3D printed box with a lockable lid and gas ports including the barcode pattern with six vertical grooves. (b)

Pictures of Eu,Co-MOF-808-AA@PVDF stripes placed in the grooves of the barcode pattern in the row 0.23, 0.45, 0.39, 0.39, 0.23, 0.45 Co:Zrg at
different relative humidities under the UV lamp (254 nm). (c) Calculated peak areas from the measured fluorescence intensities of the main peak at
610 nm (see Fig. S11, ESIf) converted into bar widths, with the smallest width defined as 0.5 pt.
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Implementing Eu,Co-MOF-808-AA into polyvinylidene fluoride

We have previously reported that incorporating Co-MOF-808-AA
powder into polyvinylidene fluoride (PVDF) and subsequently
modifying it with europium cations is an effective way to
transform the powder products into a more applicable shape
for barcode design, as the framework remains accessible to
essential molecules for the read-out."”> To demonstrate that this
concept can also be applied to design a humidity-responsive
barcode prototype, mixed-matrix membranes (MMMs) were
prepared.

For this purpose, MOF powders with different cobalt amounts
were dispersed in acetone while PVDF was simultaneously dis-
solved in DMF. After mixing these two components and evapor-
ating the solvent under reduced pressure, the resulting MMMs
were applied to glass slides using a doctor blade and heated to
70 °C. The Co-MOF-808-AA MMMs were then cut into strips and
were modified with europium cations by soaking the pieces in
an europium(ur) nitrate acetone solution for 10 minutes (see
Fig. S15, ESIf). After washing, the final barcode strips were
obtained and placed in the designated positions on the barcode
pattern, which was housed in the lockable box (see Fig. 5a).

The crystallinity of the materials remained excellent after
these procedures (see Fig. S16, ESIt). The relative humidity was
adjusted using the humidifier connected to the gas port of the
box and kept constant for 20 minutes. The fluorescence of the
MMMs changed significantly at higher relative humidities,
which was visible under UV light (see Fig. 5b). The measured
fluorescence intensities (see Fig. S17, ESIt) could also be
converted into bar widths (see Fig. 5¢ and Table S4, ESIY),
enabling the generation of a barcode prototype consisting of six
bars, with width that increase with humidity depending on the
cobalt content of the materials.

Conclusion

In conclusion, we explained the fluorescence behavior of Eu,Co-
MOF-808 by clarifying the interaction between cobalt and euro-
pium cations within the framework. The proximity of these
cations enables an energy transfer, causing the excitation of d-d
transitions of the cobalt cations while simultaneously quenching
the fluorescence of europium cations. Thus, the quenching effect
is attributed to the d-d transitions of the cobalt cations, with its
efficiency depending on the ligands coordinating to the cobalt
cations and the coordination geometry of the resulting complex at
the IBUs.

The as-synthesized Eu,Co-MOF-808 shows an efficient quench-
ing effect. However, exposure to water reactivates the europium
fluorescence. The additional coordination by water molecules
changes the coordination geometry of the cobalt complex from
tetrahedral to octahedral, shifting the absorption area due to
changes in the ligand field splitting.

The targeted suppression of the fluorescence of europium by
the presence of cobalt complexes in MOF-808 and its reactivation
by introducing ligands that induce energetic changes in the
complex, can be exploited for the design of barcode prototypes.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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We previously presented a read-out sequence for Eu,Co-
MOF-808-AA and its corresponding mixed-matrix membrane
as a barcode material, which relied on hazardous chemicals,
making it unsuitable for user-friendly applications. Now, we
have defined a new read-out procedure which is completely
harmless and easy to implement. This material can be used as a
dynamic barcode that exhibits defined colorimetric and fluor-
escent responses to certain relative humidities, depending on
the amount of incorporated cobalt cations. This barcode can be
easily read by water exposure and reused multiple times by
heating the material to 60 °C before read-out.

Additionally, this prototype offers a forgery-proof barcode
that dynamically adjusts its read-out response based on the
prevailing relative humidity. This ensures a high level of
security and accuracy, as the read-out must be performed under
controlled conditions, highlighting its reliability and potential
for practical applications.
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