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Abstract

In this work, we have synthesized a more acid-stable variant of the classic chromophore
difluoro-Bodipy by substituting the difluoro ligands at boron with cyano groups. This
dicyano-Bodipy variant allowed the in situ incorporation during the MOF formation un-
der acidic conditions and was investigated for the first time as dye@MOF composites
using both post-synthetic and in situ incorporation into the zirconium-based metal-organic
frameworks (MOFs) UiO-66, MOF-808, DUT-67, and MIP-206. The successful incorpo-
ration of dicyano-Bodipy was confirmed by PXRD, N, sorption, digestion UV-Vis, and
fluorescence spectroscopy. Depending on the incorporation method used, significant lower
BET surface areas could be determined. The luminescence properties of the resulting
dicyano-Bodipy@MOF composites from the in situ incorporation had up to almost eight-
fold extended photoluminescent lifetimes of 9.0 ns, compared to the neat dye in its solid
state with 1.2 ns, which suggests the formation of a solid solution in which the incorporated
Bodipy is protected from external influences within a well-defined MOF pore. The quantum
yield could be enhanced to as high as 77% through post-synthetic incorporation into the
MOF DUT-67, compared to the neat dye in its solid state, with 9%.

Keywords: dicyano-Bodipy; metal-organic framework (MOF); UiO-66; MOF-808; DUT-67;
MIP-206; dye@MOF; fluorescence; solid solution

1. Introduction

Metal-organic frameworks (MOFs) represent a unique class of hybrid compounds in
which metal atoms or metal clusters as secondary building units (SBUs) are connected by
organic linkers [1]. The resulting frameworks often exhibit high crystallinity and porosity,
with specific surface areas of several thousand square meters per gram [2]. Compared to
traditional porous materials, such as activated carbon, zeolites, or silica gel, the properties
of MOFs, such as defined pores and pore sizes [3,4], surface areas, morphology [5-8],
defects [9,10], or stability, can be designed by the use of different SBUs or organic link-
ers [11-16]. For these reasons, MOFs are investigated for a wide range of applications, such
as heterogeneous catalysis [17,18], drug transport [19,20], gas and liquid adsorption and
separation [21-23], heat transformation [24-26], or for the post-synthetic or in situ encapsu-
lation of dyes to modulate their photophysical properties [27-30]. For example, Chen et al.
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were able to optimize the emission maximum of composites obtained by post-synthetic
encapsulation of different rhodamine dyes in bio-MOF-1 [31]. Tang et al. produced white
light-emitting composites by simultaneous encapsulation of different dyes in the MOF
ZJU-28 [32]. An important aspect of dye encapsulation is the stability of the resulting
composites. Zirconium-based MOFs have proven to be particularly robust compounds in
this regard [33,34], making them suitable for the encapsulation of various dyes and their
application in different fields. The class of Bodipy dyes is of particular interest in this
context [35,36].

Bodipy is the abbreviation for boron dipyrromethene and was first synthesized and
characterized by Treibs and Kreuzer in 1968 [37]. Bodipy represents a class of boron com-
plexes formed by a dipyrromethene ligand and two other anionic ligands, usually fluorine
(Scheme 1). Due to their chemical and photophysical properties, such as fluorescence with
a high quantum yield and narrow emission band width, high thermal and photochemical
stability, as well as good solubility in a wide range of solvents, interest in this class of
dyes is constantly increasing [38,39]. It is widely used as a fluorescent sensor [40,41] in
photothermal and photodynamic therapy for the treatment of cancer [42,43], as well as in
the development of lasers [44] and for the labelling of proteins and nucleic acids [45]. It is
also of great interest for catalysis research in various fields, such as selective oxidation or
the coupling of a wide range of compounds [46,47]. In addition to the most widely used
difluoro variant 1, a large number of other Bodipy compounds have been prepared and
analyzed in recent years by substitution of the fluorine atoms at the boron nucleus with
other groups (Scheme 1) [48]. With several new dipyrromethene-based ligands, which
form the backbone of the Bodipy compounds, the variety of different Bodipy compounds
is constantly increasing, demonstrating the continuing interest in this class of dyes [49].

1. TFA
2.DDQ

3. N(Et)s, BF3 O(Et),
S O
N —
H

1 Yield: 26%
SnCl,
+ —Si—CN ————
| DCM
rt, 30 min
NC CN 2 Yield: 91%

Scheme 1. Synthesis of 5,5-difluoro-1,3,7,9-tetramethyl-10-phenyl-Bodipy 1 and 5,5-dicarbonitril-
1,3,7 9-tetramethyl-10-phenyl-Bodipy 2.

A problem with Bodipy dyes is that their exceptional photophysical properties are
usually only observed in solution. In the solid state, strong intermolecular interactions
such as -7 stacking and aggregation often lead to fluorescence quenching and spectral
shifts. This limitation restricts their applicability in various fields that require stable
and efficient solid-state emitters, such as LED technology or sensors. To preserve their
luminescent properties in the solid state, formulation strategies such as the incorporation of
Bodipy into solid matrices are necessary. We expect that the encapsulation or incorporation
of Bodipy into MOFs will give the photophysical properties of the dye as in solution.
This should enable us to produce composites for a wide range of applications, such as
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heterogeneous catalysis, cancer therapy, or sensing. Another interesting approach for such
dye composites comes from LED technology, where interactions between the molecules,
such as 7-7 stacking or aggregation-induced quenching, can be suppressed by targeted
separation of the dye molecules in the individual MOF pores. The increased stability
is highly beneficial for all types of applications. For these reasons, we present here the
synthesis of a variety of zirconium-based Bodipy@MOF composites, both by post-synthetic
and in situ encapsulation of Bodipy in the MOF.

2. Results and Discussion

The synthesis and analysis of the Bodipy dyes and the MOFs used in this work are
described in detail in the Supplementary Materials. In short, the Bodipy syntheses in
Scheme 1 were carried out according to Caruso et al. [50] and Nguyen et al. [51]. For the
MOFs, we chose Zr-based MOFs because of their high hydrothermal stability compared to
other MOFs. In addition, Zr-MOFs typically form colorless, crystalline compounds, which
makes it easier to detect the color changes caused by the incorporation of Bodipy (see the
in situ produced 2@UiO-66 composites in Figure 513). The MOFs were prepared according
to the synthesis described in the literature. For the synthesis of UiO-66, the procedure
described by Katz et al. was used with minor modifications [52]. The MOFs MOF-808
and DUT-67 were both synthesized according to Reinsch et al. [53]. MIP-206 was prepared
according to a procedure by Wang et al. [54].

The successful synthesis and identity of the Bodipy derivatives 1 and 2 were verified
by NMR and high-resolution mass spectrometry. The neat MOFs were prepared by the
synthesis routes reported in the literature and characterized by powder X-ray diffraction
(PXRD) together with N; gas sorption for BET surface area and porosity determination.

Initial encapsulation experiments with the zirconium-based MOFs UiO-66 and UiO-67,
using the difluoro variant 1, gave no detectable luminescence, probably due to the acidity
of the inherently defective UiO structures [55]. This confirms the statement by Wang et al.
that the dye cannot be effectively stabilized under strongly acidic conditions. In their study
on the stability of Bodipy compounds, it was found that the addition of trifluoroacetic acid
led to the degradation of the Bodipy structure [56]. Since the dicyanide variants exhibited
increased stability under acidic conditions, we decided to use the less studied but more
stable dicyano-Bodipy 2. Another advantage of this dicyano-Bodipy 2 is, in addition to the
increased stability against acids, the increased quantum yield compared to difluoro-Bodipy
1. By going from the difluoro species 1 to the dicyano species 2, the quantum yield of the
Bodipy dye in THF solution could be increased from approximately 37% for 1 [57] to 89%
for 2 [51].

Luminescence studies in solution show that both the difluoro and dicyano species
1 and 2 have narrow excitation and emission bands (Figure 1a,b) and are similar in their
photophysical properties. The emission maxima at 514.4 nm for 1 and 510.0 nm for 2 in
highly diluted chloroform solution correspond to the values given in the literature [51,57].
The Stokes shifts are 7.7 nm (295 cm~!) for 1 and 9.7 nm (381 cm™!) for 2, and their full
width at half-maximum (FWHM) values are 19 nm (720 cm™!) for 1 and 22 nm (850 cm™1)
for 2, making both species very narrow band emitters. Lifetime measurements of both
compounds in chloroform yielded an average lifetime value of 5.7 ns for 1 and 4.8 ns for 2
(Figure S6, Supplementary Materials). Investigations of compound 2 in different solvents
at the same concentration showed that the emission maxima are almost unaffected by
the polarity of the solvent. All maxima were consistently in the range of 525 nm + 2 nm
(Figure S7, Supplementary Materials). This indicates that the photophysical behavior
of compound 2 is largely independent of the solvent environment, suggesting minimal
interaction between the solvent and the emission states of the compound. However, a
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concentration-dependent bathochromic shift of the emission maxima was observed in
CHCI; solution (Figure 1c).
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Figure 1. (a) Excitation and emission spectra of 1 in CHCl3. Emission spectra were measured with
an excitation at 360 nm. Excitation spectra were measured at an emission of 540 nm. (b) Excitation
and emission spectra of 2 in CHCl; and neat Bodipy in the solid state in a reflective setup. Emission
spectra in solution were measured with an excitation at 360 nm and as a solid with an excitation
at 400 nm. Excitation spectra in solution were measured at an emission of 540 nm and as a solid at
an emission of 600 nm. (c) Concentration-dependent bathochromic shift of 2 in CHCI3. Emission
maxima: 510 nm (0.5 mmol/L), 511 nm (1 mmol/L), 514 nm (2 mmol /L), 517 nm (4 mmol/L), and
523 nm (8 mmol/L). Emission spectra were measured with an excitation at 360 nm. (d) Lifetime
measurements of 2 in solution (0.5 mmol/L) and neat 2 in the solid state at the respective emission
maxima of 510 nm and 594 nm (Aexc = 375 nm).

The wavelength increases for the emission maxima with increasing concentration of
compound 2, which implies the presence of concentration-dependent aggregation phenom-
ena such as 71-7t interactions and an associated reduction in free rotation. This assumption
is also supported by the increasing intensity of the shoulder at 540 nm. These interactions
can change the electronic environment of the emission states, which, in our case, leads to a
bathochromic shift of the fluorescence.

As a solid, neat Bodipy 2 is a red crystalline powder, while the CHCI3 solution has
a green color (Figure S8). We used a reflective setup for all solid-state measurements.
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For this purpose, both neat Bodipy in the solid state and all composites were placed as
solids in a brass sample holder. Under UV light excitation with A¢xc = 400 nm, solid
2 emits an orange to red luminescence with emission maxima at 594 nm and 659 nm
Figures 1b and S8). The formation of two emission maxima and the clear bathochromic
shift are discussed in the literature and can be attributed mainly to the formation of J-
aggregates [58,59]. The excitation maximum for the solid occurs at 404 nm (Figure 1b),
corresponding to Stokes shifts of 190 nm (7917 cm™!) and 255 nm (9577 cm™!) for the
two emission peaks, respectively. A comparison of these values with those of the CHCl;3
solution shows the influence of aggregation effects in 2. While Bodipy molecules are
surrounded by solvent molecules in solution, allowing for dynamic solvation, molecular
motion, and minimal intermolecular interactions, they are densely packed in the solid state,
promoting the formation of aggregates. These aggregates significantly influence molecular
mobility, the local electronic environment, and the strength of intermolecular interactions.
As a result, new electronic states with lower energy levels can arise in the solid state,
often accompanied by enhanced 7—m interactions between neighboring chromophores.
These effects collectively lead to a bathochromic shift compared to the monomeric species
in solution.

In addition to the clear differences in the steady-state luminescence measurements,
there is also a significant change in luminescence lifetime and quantum yield for neat 2
in the solid state versus 2 in solution. Solid 2 had a lifetime of only 1.2 ns and an average
quantum yield of only 9% compared to a lifetime of 4.8 ns in CHCl3 and an average
quantum yield of 89% in THF solution (Figures 1d, S6 and S9) [51]. The increased quantum
yield of 2, when going from the solid to the solution state, and the drastically improved
stability against organic and inorganic acids, make compound 2 in solution very interesting
for various applications. With the concept of solid solutions for dye@MOF composites,
the embedding or encapsulation of non-aggregated Bodipy in the defined pores of MOFs
could open up interesting future applications in areas such as optoelectronic devices or
chemical sensors.

The inclusion of dyes in MOFs can be carried out post-synthetically by wet infiltration
in the already prepared MOF or in situ, that is, during the MOF synthesis [60]. Furthermore,
the presence of defects, such as missing linkers or missing cluster defects, can facilitate
the incorporation of the dye molecules and enable the production of composites with both
higher dye loadings and high N, uptake. We chose the MOFs UiO-66, MOF-808, DUT-67,
and MIP-206. All MOFs are colorless, microcrystalline powders with BET surface areas
as reported in the literature. All of them show only a weak linker-based luminescence
in the range between 350 and 440 nm, depending on the linkers used. We were able to
perform both post-synthetic and in situ encapsulations for 2 in all MOFs except for MIP-206.
For comparison purposes, the same initial concentration of Bodipy was used for both the
post-synthetic and in situ approaches for MOF-808 and DUT-67.

2.1. Composite 2@UiO-66

We started our studies on the encapsulation of 2 in MOFs with the zirconium MOF
UiO-66. The encapsulation was carried out in a post-synthetic approach over a period of
5 days at a concentration of 1.0 mmol /L Bodipy in dichloromethane (CH,Cl,) with activated
UiO-66 (see Section S5, Supplementary Materials for details). With pore sizes of about 8 A
for the tetrahedral pore and 11 A for the octahedral pore in UiO-66, it is clear that the post-
synthetic encapsulation of the Bodipy dye 2, with molecular dimensions of about 10 A, is
restricted to the larger octahedral pores of UiO-66 (see Section S7, Supplementary Materials
for details) [61,62]. Up to 0.44 wt% (4.4 mg of 2 per g of UiO-66 or 21.7 mmol of 2 per
mol of UiO-66) could be embedded, based on the UiO-66 formula of [ZrsO4(OH)4(BDC)g]
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(1664.01 g/mol), denoting the composite as 2@UiO-66 44. No structural change could be
detected by powder X-ray diffraction (PXRD, Figure 2a). The loading of all composites was
determined post-synthetically by UV-Vis digestion analysis (Section S6, Supplementary
Materials) [63] after extended washing procedures with dimethylformamide (DMF) until
we could no longer detect any luminescence in the washing solution. This allowed us to
assume that all Bodipy molecules attached to the outside of the MOF had been removed.
The dye@MOF samples were then digested under strong basic (1 mol/L KOH for UiO-
66, MOF-808, and MIP-206) or acidic conditions (conc. HCI for DUT-67) in order to
determine the loading of 2 in the MOFs by UV-Vis spectroscopy. After the noted washing
procedures, the thus determined Bodipy could only originate from the MOF-incorporated
dye molecules.
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Figure 2. (a) PXRD of UiO-66, 2@UiO-66 44 (post-synthetic encapsulated) and the in situ encapsulated
2@UiO-661 1 and 2@UiO-667, composites. Simulated diffractogram of UiO-66 from CCDC No.
752051 [64]. (b) Nitrogen adsorption isotherms at 77 K of neat UiO-66 (1192 m?2/ g), 2@UiO-661 1
(1115 m?2/ g), 2@UiO-667, (916 m2/ g), and 2@UiO-66 44 (381 m2/ g). For the desorption isotherms,
see Figures S11 and S12 in Supplementary Materials.

The apparent low post-synthetic loading results from only a short diffusion path of
the dye molecules into the crystal lattice, slightly beneath the surface layer [29]. This is in
line with the significant decrease in the BET surface area from 1192 m? /g for neat UiO-66
down to 381 m?/ g for 2@UiO-66( 44 due to pore blocking (Figure 2b). Even these small
amounts of 2 resulted in a composite with strong emission in the green wavelength range.

Further, the dye was also incorporated in situ into the MOF structure of UiO-66.
Four different concentrations of 2 in DMF were used in the MOF reaction mixture of
H,;BDC and ZrCly (see Table S1, Supplementary Materials). Noteworthy, the synthesis of
UiO-66 was carried out at 80 °C with hydrochloric acid as a modulator (see Section S5,
Supplementary Materials for details) [52]. The improved stability of dicyano-Bodipy 2 ver-
sus difluoro-Bodipy 1 allowed us to use acids as modulators, giving acidic reaction condi-
tions. The resulting 2@UiO-66 composites were washed with DMF until the solution no
longer showed any residual luminescence. The recorded PXRDs in Figure 2a show no dif-
ferences compared to the reference sample or the simulation of neat UiO-66. This indicates
that the presence of 2 does not affect the MOF structure, and face-centered cubic UiO-66 is
the only crystalline product that is formed (see Figure 510, Supplementary Materials for
all PXRDs). Scanning electron microscope (SEM) images of both the neat UiO-66 and the
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synthesized composites show a homogeneous distribution of MOF particles of similar size
and unchanged morphology (see Figure 521, Supplementary Materials).

The amount of Bodipy incorporated in situ in each composite was determined by
UV-Vis digestion analysis (see above) between 1.1 and 7.2 wt% (11.1 to 77.5 mg of 2 per g
of UiO-66 or 54.7 to 381 mmol of 2 per mol of UiO-66, see Section S6 for details), denoting
the composites as 2@UiO-661 1 to 2@UiO-667 5, respectively. This corresponds to an average
octahedral pore filling (nav(Bodipy/pore)) of 5.5 to 37.5%, taking into account the number of
octahedral pores and asymmetric units in the unit cell of UiO-66 (For a detailed description
of the pore calculation, see Section S7 in Supplementary Materials). A higher concentration
of 2 in the reaction mixture resulted in a higher loading in the in situ method, also in
comparison to the post-synthetic incorporation. While the low loading from post-synthetic
encapsulation of 2 in UiO-66 still gave a colorless composite akin to the color of neat
UiO-66, the higher amounts of 2 through in situ encapsulations were also evident from an
increasingly pinkish color of 2@UiO-66 (Figures 3a and S13).

1.0%10° -
= 2in CHClI,
8.0x10°7 2 solid
2@Ui0-66,
36.0x105 | ——2@uio-66,,
=
2
4]
& 4.0x10° -
2.0x10° -
0.0 . 7 2 ‘
300 400 500 600 700
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Figure 3. (a) From left to right: Neat UiO-66, post-synthetically encapsulated 2@UiO-66¢ 44 (0.44 wt%),
in situ prepared 2@UiO-66; 3 (2.3 wt%), and neat 2 in the solid state, both under daylight (top) and
under UV-light (Aexc = 365 nm, bottom). (b) Emission spectra (Aexc = 330 nm) of the 2@UiO-66 in
situ composites with the lowest (1.1 wt%) and highest (7.2 wt%) achieved loading together with the
emission spectra of 2 in CHClj3 solution (8 mmol/L, Aexc = 360 nm) and the emission spectra of neat 2
in the solid state (Aexc = 400 nm) in a reflective setup.

Nitrogen sorption measurements and BET surface area determinations of the activated
in situ 2@UiO-66 composites listed in Table 1 showed a decrease in surface area with increas-
ing Bodipy loading compared to neat UiO-66 (for all isotherms, see Figures S11 and S12).
This trend supports the successful incorporation of the dye into the MOF structure, as
higher loadings of Bodipy reduce the number of accessible pores available for N, adsorp-
tion. The determined BET surface areas of the composites range from 1115 m? /g for the
least in situ loaded composite 2@QUiO-661 1 to 916 m? /g for the composite with the highest
Bodipy loading 2@UiO-667 ;. The even lower N, uptake and concomitant lower surface
area of only 381 m?/g for the post-synthetically prepared sample with only 0.44 wt% dye
loading is interpreted through pore blocking by the dye molecules, which diffuse only
slightly beneath the outer surface [29]. In situ incorporation results in a more homoge-
neous distribution of the Bodipy across the entire MOF. This generally leads to better pore
accessibility and thus to a larger pore volume for in situ composites compared to post-
synthetically produced composites. The similar or even slightly larger pore volume in the
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in situ composites compared to neat UiO-66 (Table 1) can be explained by the encapsulation
of the Bodipy molecules and the resulting formation of defects due to the Bodipy molecules.
These defects lead to larger pores with an expanded pore volume.

Table 1. Results of nitrogen sorption measurements for neat UiO-66 and 2@UiO-66 composites.

BOdipy Loading SBET Vpore(total) Vpore(micro)
Compound [Wt%] 2 [m2/g] [em3/g] P [em?/g] ©
UiO-66 literature - 1580 [52] - -
- 1175 [65] 0.63 -
UiO-66 synthesized - 1192 0.55 0.55
2@UiO-66( 44 (post-synth.) 0.44 381 0.19 0.19
2@UiO-661 1 (in situ) 1.1 1115 0.63 0.63
2@UiO-66; 3 (in situ) 2.3 1096 0.6 0.61
2@UiO-664 7 (in situ) 4.7 1022 0.57 0.59
2@UiO-667 5 (in situ) 7.2 916 0.56 0.53

2 Calculated by UV-Vis digestion analysis. P Total pore volume at p/pg = 0.9. ¢ Micropore volume calculated
from NLDFT method using the N, adsorption isotherm at 77 K for cylindrical pores < 2 nm.

Photophysical measurements show that all 2@UiO-66 composites exhibit a strong
green emission, as seen for the CHCI3 solutions of 2 (Figures 3a and S8), hence indicating
solid solution behavior and is in contrast to the red emission characteristics of solid 2
(emission maxima at 594 nm and 659 nm, cf. Figure 1b). This behavior can be attributed to
the spatial separation of individual Bodipy molecules within the porous structure of the
MOF. Within the individual pores, the Bodipy molecules can behave more like molecules
in solution than molecules in the solid state. The MOF framework effectively prevents the
aggregation of Bodipy molecules in the solid and dry composite material, causing them to
exhibit emission behavior similar to Bodipy in solution.

The 2@UiO-66 composites exhibit emission maxima at 521 nm =+ 2 nm and are thus all
comparable to 2 in solution (8 mmol /L), which shows its emission maximum at 523 nm.
Figure 3b illustrates the emission intensities of the lowest and highest in situ loaded 2@UiO-
66 composites together with 2 in CHCI; (8 mmol/L) and 2 as a solid (for the emission
spectra of all UiO-66 composites, see Figure 525). The observed broadening of the emission
band of the composites shown in Figure 3b can be attributed to the heterogeneous and
rigid environment of the MOF matrix. As already described, the Bodipy molecules in
solution are uniformly solvated by CHCl3, which allows free rotational and translational
motion. As a result, all molecules emit with nearly identical energies and produce a narrow
emission band. In contrast, the confinement within the MOF restricts molecular mobility
and exposes the Bodipy molecules to different microenvironments depending on their
orientation within the pore. This leads to different emission energies and slight shifts in
the emission maxima of individual molecules. In addition, intermolecular interactions
such as aggregation further disrupt the energies in the excited state. The cumulative
effect of all these changes leads to an experimentally observed broadening of the entire
emission band. The intensity of this band increases with higher Bodipy loading, yet without
any bathochromic shift being observed for higher concentrations in CHCl3 solutions of
2 (cf. Figure 1c). However, the emission maximum of 521 nm is already as seen for the
higher-concentrated Bodipy CHCl;3 solution of 8 mmol/L, which can be attributed to the
suppression of the rotation of 2 within the MOF pore [66,67].

We assume that the compact structure of the MOF composites causes a primary inner
filter effect, whereby the excitation light is absorbed before it reaches molecules located
deeper within the framework. Consequently, these internal molecules remain unexcited.
However, the observed linear correlation between emission intensity and dye loading and
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the absence of a significant redshift between the individual composites indicate that our
composites are in a concentration range in which the secondary inner filter effect due to
self-quenching or reabsorption phenomena plays a minor role, if any (see Figure S525f).

The constant emission maxima of the 2@UiO-66 composites with different loadings
strongly suggest that the encapsulation of 2 into the MOF structure effectively limits the
interactions and aggregation of Bodipy molecules. All composites show, by their emission
behavior, a desired separation of the Bodipy molecules, similar to that in the 8§ mmol/L
solution. However, it can be assumed that as the load increases, the probability of finding
more than one Bodipy molecule in a pore also increases. This assumption is based on
the shoulder at 550 nm, which is most prominent for the 2@UiO-667, composite with
the highest loading. It indicates some formation of J-aggregates between two or more
Bodipy molecules in the same pore. The emission maximum remains unchanged at this
low degree of aggregation. Based on the above loading, we calculated the probability
p of multiple occupations in a random distribution of Bodipy in UiO-66 and listed this
probability in Table 2 (for a more detailed description of the calculation, see Section S7,
Supplementary Materials). The same behavior was observed and discussed in the work of
Piischel et al. [68].

Table 2. Probability p of multiple occupations of Bodipy molecules in a pore of the 2@UiO-66 composites 2.

2@Ui0-661.1 2@Ui0-66, 3 2@Ui0-664.7 2@Ui0-667

nay(Bodipy/pore) 0.055 0.12 0.243 0.375
p(one) [%] 96.4 94 86.7 78.1
p(two) [%] 3.6 5.7 12.1 18.4

p(>three) [%] 0 0.2 1.1 35

2 Calculations are based on the UiO-66 formula of [ZrsO4(OH)4(BDC)g], the amount of Bodipy in mol per mol
MOF, and the ratio of pores per formula unit (1:1). Pore refers to the octahedral pore in UiO-66.

The probability calculations confirmed our assumptions of some J-aggregate formation
already at low loadings. At the same time, we were able to determine that the majority
of the Bodipy molecules are embedded separately, which explains the solution-like lu-
minescence behavior of the composites. Furthermore, based on the measured emission
wavelengths and increasing intensities with loading, we assume that there is no strong
interaction of the dye molecules with the MOF pore surface that would affect the wave-
length of the emission maxima. Time-resolved fluorescence spectroscopy of the 2@UiO-66
composites shows that a tri-exponential decay of the post-synthetically prepared 2@UiO-
660.44 composite and bi-exponential decay of all in situ prepared composites were needed
to describe the luminescence lifetimes and decays of all composites (for the decay plots of
all UiO-66 composites, see Figure 526). The difference in decay can be explained by the
presence of different luminescent species. These species can be attributed to the presence
of different J-aggregates, which are formed by the multiple loading of pores with two
or more Bodipy molecules within the MOF structure. This aggregation depends on the
loading and the probability of several Bodipy molecules within a pore (cf. Table 2). Such an
aggregate exhibits its own decay, whereby its respective properties significantly influence
the lifetimes of the composite materials. Furthermore, the environment formed by the MOF
can also affect the luminescence lifetime decay. This can result in either a prolongation or a
shortening of the lifetime [69-71]. The lifetimes of 2@UiO-66 were significantly extended
compared to the lifetime of solid 2 (Table 3).

The average lifetimes T4 of the composites are comparable to the lifetime of 2 in
solution, with the lowest loadings of 0.44 and 1.1 wt% showing slightly increased lifetimes
of 5.3 and 5.1 ns, respectively. Interestingly, the lifetimes show an inverse relationship to
the Bodipy loading in the composites (Table 3). The sample with the highest loading of
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7.2 wt% gave the shortest lifetime, measured at 4.0 ns. This trend is consistent with the
observed quantum yields, which also decrease with increasing loading. In particular, the
composites with the lowest loadings exhibited average quantum yields of around 30%,
while the composite with the highest loading exhibited a reduced quantum yield of 19%.
The presence of -7t interactions between neighboring Bodipy molecules can influence the
lifetime. However, it is mainly explained by the presence and increase of J-aggregates
in higher loaded composites (cf. Table 2) [72]. In addition to the increased aggregation,
Bodipy-to-MOF wall interactions play a decisive role, as the excited state loses its energy
more quickly through a Bodipy contact with the MOF pore wall. This can contribute to
both a reduced quantum yield and a reduced lifetime. Although the quantum yields of
2@UiO-66 are lower than the quantum yield of 2 in THF solution, they are significantly
improved over the quantum yield of solid 2, which is only 9%.

Table 3. Photophysical data for 2 as a solid, in solution, and for the 2@UiO-66 composites.

Compound AE max [nm] 2 71 (x1), T2 (x2), T3 (x3) [ns] P T, [ns] P g [%] ©

2 solid 594/659 0.6 (0.74), 2.8 (0.29) 1.2 9

2 in CHCl; (0.5 mmol/L) 510 4.8 (1) 4.8 89 d
2@Ui0-66¢ 44 (post-synth.) 519 0.7 (0.10), 5.3 (0.8), 11.1 (0.09) 5.3 29
2@Ui0-661 1 (in situ) 521 1.0 (0.08), 5.4 (0.91) 5.1 32
2@Ui0O-66; 5 (in situ) 523 0.6 (0.09), 5.1 (0.89) 46 28
2@Ui0-664 7 (in situ) 519 1.4 (0.21); 4.8 (0.8) 42 21
2@Ui0-667 5 (in situ) 520 0.9 (0.14), 4.6 (0.85) 4.0 19

2 Wavelength of the fluorescence maximum; Aexc = 400 nm for solid 2; Aexe = 360 nm for 2 in CHCl3; Aexe = 330 nm
for 2@Ui0-66. P Fluorescence lifetime (Aexc = 375 nm): T; (xi) species i lifetime (fraction), Tx species-weighted
average lifetime. © Fluorescence quantum yield. d Measured in THF taken from the literature [51].

2.2. Composites 2@MOF-808, 2@DUT-67 and 2@MIP-206

To investigate the influence of the MOF host on the photophysical properties of 2@MOF
composites, a post-synthetic and an in situ composite were synthesized for MOF-808 and
DUT-67, and a post-synthetic composite for MIP-206. The same MOF to Bodipy ratio
was used in the preparation of both the post-synthetic and in situ composites. Due to the
increased stability of 2, we were able to use glacial acetic acid in a large excess in the in situ
syntheses of the 2@MOF-808 and 2@DUT-67 composites. However, due to the extremely
harsh synthesis conditions required for MIP-206, with formic acid as the sole solvent at
temperatures of 180 °C, the in situ encapsulations of 2 could not be successfully carried out
for MIP-206.

MOF-808 contains a hierarchical pore structure of large, interconnected hexagonal
channels with diameters of approximately 18 A (1.8 nm) and isolated tetrahedral cages
with internal pore diameters of around 4.8 A (or 0.48 nm); the latter being unaccessible
for Bodipy [73]. DUT-67 has a hierarchical porous structure that contains cuboctahedral
pores with a diameter of 14.2 A (1.42 nm) and an octahedral pore with a diameter of 11.7 A
(1.17 nm) [74]; both of which can encapsulate Bodipy, and we took both pores into account
when calculating pore filling. The structure of MIP-206 has uniform meso-voids with a
diameter of ca. 26 A (2.6 nm) [54].

The post-synthetic 2@MOF-808 and 2@DUT-67 composites show no detectable changes
in their PXRD patterns in Figure 4, indicating that the crystalline structures of the MOFs
were unchanged.
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Figure 4. (a) PXRD of MOF-808, post-synthetic 2@MOF-808; 57 and in situ encapsulated 2@MOF-
8081 9 composites. Simulated diffractogram of MOF-808 from CCDC No. 1002672 [73]. (b) PXRD of
DUT-67, post-synthetic 2@DUT-67 51, and in situ encapsulated 2@DUT-67, , composites. Simulated
diffractogram of DUT-67 from CCDC No. 921644 [74]. For the PXRDs of MIP-206 and 2@MIP-206 3,
see Figure S20a.

From the UV-Vis digestion analysis, the post-synthetic loadings were determined to
be 0.57 wt% for MOF-808 and 0.51 wt% for DUT-67 (see Table S2) [75,76]. The resulting
composites are designated as 2@MOEF-808 57 and 2@DUT-67(5;. This corresponds to a
molar ratio of 22.1 mmol Bodipy per mol of MOF-808 and 23.3 mmol Bodipy per mol
of DUT-67. The formulas for MOF-808 [ZrsO4(OH)19(BTC)2(H,0)¢] (1303.7 g/mol) and
DUT-67 [ZrsO4(OH)s(TDC)4(H20)6] (1536.1 g/mol) were used for the calculation [53].

In agreement with such a low loading, we observed only very slight changes in the
color of both post-synthetic composites, which were almost colorless, microcrystalline
powders (see Section S10, Figures S27c and S29¢). However, a significant decrease in
the determined BET surface area was observed for the 2@MOEF-808, 5; composite, with a
reduction of up to 65% versus neat MOF-808. By comparison, only a 31% reduction of the
BET surface area was observed for the 2@DUT-67 51 composite compared to neat DUT-67
(Figure 5, Table 4).
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Figure 5. (a) Nitrogen adsorption isotherms at 77 K of neat MOF-808 (1683 m?2/ g), 2@MOF-808; 9
(1200 m2/ g, in situ), and 2@MOF-808 57 (596 m?/ g, post-synthetic) composites. (b) Nitrogen adsorp-
tion isotherms at 77 K of neat DUT-67 (1207 m?2/ g), 2@DUT-67; 5 (1020 m?2/ g, in situ), and 2@DUT-
67051 (840 m? /g, post-synthetic) composites. For the desorption isotherms, see Figures S18 and S19,
for the isotherms of 2@MIP-206 3, see Figure S20b.
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Table 4. Results of nitrogen sorption measurements for neat MOF-808, 2@MOF-808 composites, neat
DUT-67, 2@DUT-67 composites, neat MIP-206, and 2@MIP-206 3.

Bodipy Loading SBET Vpore(total) Vpore(micro)
ComPound [Wto/o] a [mZ/g] [cm3/g] b [CmS/g] c
MOF-808 literature - 2060 [73] 0.84 -
- 1210 [53] 0.53 -
MOF-808 synthesized - 1683 0.8 0.76
2@MOF-808 57 (post-synth.) 0.57 596 0.27 0.27
2@MOF-8081 ¢ (in situ) 1.9 1200 0.68 0.24
DUT-67 literature - 1171 [77] - -
- 1150 [53] - -
DUT-67 synthesized - 1207 0.56 0.52
2@DUT-67) 51 (post-synth.) 0.51 840 0.4 0.37
2@DUT-67; 5 (in situ) 2.2 1020 0.47 0.51
MIP-206 literature - 1059 [54] 0.45 -
MIP-206 synthesized - 1062 0.42 0.41
2@MIP-206y 3 (post-synth.) 0.3 701 0.39 0.37

2 Calculated by UV-Vis digestion analysis. ? Total pore volume at p/pg = 0.9. © Micropore volume calculated
from the NLDFT method using the N, adsorption isotherm at 77 K for cylindrical pores < 2 nm.

The BET surface area reductions for the two post-synthetic composites compared
to the in situ prepared composites (see below) can be attributed to the accumulation
predominantly in the outer layers of the MOF crystallites rather than uniformly penetrating
the entire porous network [29]. Thereby, access to the inner dye-free pore structure is
restricted by pore blocking, which leads to reduced N; adsorption and, consequently, lower
BET surface areas.

The in situ encapsulations of 2 into MOF-808 and DUT-67 resulted in the composites
2@MOF-808; 9 and 2@DUT-67,, with loadings of 1.9 wt% and 2.2 wt%, corresponding
to 74.7 and 102 mmol Bodipy per mol of MOF-808 and DUT-67, respectively. The in
situ prepared composites 2@MOF-808; 9 and 2@DUT-67;» showed a slight color change
to pale yellow compared to the neat MOFs (see Figures S27c and 529¢, Supplementary
Materials). The PXRD analysis of the in situ prepared composites, which are shown in
Figure 4, revealed no differences from the simulated patterns of MOF-808 and DUT-67.
These observations indicate the formation of the neat MOF structure and a crystalline phase-
pure synthesis of the composites produced in situ. SEM images of neat MOF-808, DUT-67,
and MIP-206, as well as the synthesized composites, each show a homogeneous distribution
of MOF particles with a uniform size and unchanged morphology (see Figures 522-524,
Supplementary Materials).

Their N, adsorption measurements, shown in Figure 5, yielded BET surface areas of
1200 m?/ g for 2@MOF-808; ¢ and 1020 m?2/ g for 2@DUT-67; 5. These values are comparable
to those reported in the literature. We assume that the in situ encapsulation enables
homogeneous distribution of the Bodipy dye within the MOF frameworks. This results in
better pore availability compared to post-synthetic loading.

Steady-state luminescence measurements showed that both the post-synthetically
loaded and in situ fabricated composites of MOF-808 and DUT-67 exhibit the characteristic
luminescence of 2 in solution with emission maxima in the region of 521 nm + 2 nm, with
a shoulder at 550 nm (Figure 6). The observed broadening of the emission bands of the
2@MOF-808 and 2@DUT-67 composites shown in Figure 6 can be explained by the different
microenvironments, as for the 2@UiO-66 composites. Due to the higher loading in the com-
posites produced in situ, a significant increase in luminescence intensity can be measured
(for MIP-206 see Supplementary Materials, Section 510). We expect only a primary inner
filter effect, just as for the 2@UiO-66 composites, as the 2@MOF-808 and 2@DUT-67 com-
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posites are in the same concentration range. Again, as for 2@UiO-66, the shoulder around
550 nm indicates multiple occupancy of some pores and thus the formation of aggregates
between two or more Bodipy molecules in the same pore. The probability p of a multiple
pore occupation of 2 in both MOFs is listed in Table 5, taking into account that the pores are
formed with the molecular formula units of [ZrgO4(OH)1o(BTC),(H,0)6] for MOF-808 and
[Z1rsO4(OH)g(TDC)4(H20)] for DUT-67 (for a more detailed description of the structures
and the ratios of pore-to-molecular formula units, see Supplementary Materials Section S7).
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. 2@MOF-808, ;- 1.0%106 4 2@DUT-67, 5,
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Figure 6. (a) Luminescence spectra of in situ and post-synthetic 2@MOF-808 composites together
with 2 in CHClj solution (8 mmol/L) and neat 2 in the solid state. (b) Luminescence spectra of in situ
and post-synthetic 2@DUT-67 composites together with 2 in CHCl3 solution (8 mmol/L) and neat 2 in
the solid state. Emission spectra were measured with excitation at 360 nm for all composites and the
CHCI; solution and at 400 nm for neat 2 in the solid state in a reflective setup. For the luminescence
spectra of post-synthetic 2@MIP-206, see Figure S31a.

Table 5. Probability p of multiple occupations of 2 in the in situ prepared 2@MOF-808 and 2@DUT-67
composite materials 2.

2@MOF-8081 9 2@DUT-67;;
nay (Bodipy/pore) 0.298 0.155
p(one) [%] 83.4 91.7
p(two) [%] 14.7 7.7
p(>three) [%] 1.9 0.6

2 The calculations are based on encapsulated 74.7 and 102 mmol Bodipy per mol of MOF-808 and DUT-67,
respectively, and the ratio of pores per formula unit of each MOEF. The latter ratio for MOF-808 is 0.25:1, and for
DUT-67, it is 0.66:1. For more details about the calculation, see Supplementary Materials Section S7.

Looking at the lifetimes of the prepared composites in Table 6, the post-synthetic
composites gave tri-exponential decays, and the in situ composites bi-exponential ones,
as seen in the 2@UiO-66 composites. The observed tri-exponential and bi-exponential
decays suggest the coexistence of different emitting species—a property often associated
in the literature with the formation of J-aggregates (cf. Table 5)—similar to what was seen
in the 2@UiO-66 composites [69]. Compared to the lifetime of 2 in solution (4.8 ns for
0.5 mmol/L) and as a solid (1.2 ns), all composites show significantly longer lifetimes.
For the post-synthetic composites of MOF-808, DUT-67, and MIP-206, average lifetimes
Tx of 6.5 ns to 7.9 ns were measured. The in situ synthesized composites 2@MOF-808, 9
and 2@DUT-67; ; showed a further significant increase in average lifetimes, with values
of 9.0 ns and 8.5 ns, respectively (see Section 510, Supplementary Materials for the decay
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plots of all 2@MOF composites). The average lifetime of these composites represents a
doubling compared to 2 in solution (0.5 mmol/L) and an eight-fold increase compared to
neat 2 in the solid state. For the 2@UiO-66 composites, the average lifetime T, was close to
the lifetime of 2 in solution (0.5 mmol/L) (cf. Table 3).

Table 6. Photophysical data for 2 as a solid and in solution, and the 2@MOF-808 and 2@DUT-
67 composites.

Compound AE max [nm] # T1 (x1), T2 (x2), T3 (x3) [ns] ¥ Ty [ns] ? Dy [%] €
2 solid 594 /659 0.6 (0.74), 2.8 (0.29) 1.2 9
2 in CHCl; 510 4.8 (1) 4.8 89 4
6.5 (0.85), 0.8 (0.09),
2@MOF-808 57 (post-synth.) 523 13.2 (0.07) 6.5 48
2@MOF-8081 ¢ (in situ) 519 6.6 (0.44), 11.3 (0.54) 9.0 35
. ) 6.2 (0.78), 1.6 (0.07),
2@DUT-67 51 (post-synth.) 519 10.8 (0.16) 6.8 77
2@DUT-67; 5 (in situ) 521 8.4 (0.97), 19.8 (0.02) 8.5 41

* Wavelength of the fluorescence maximum (Aexc = 360 nm). b Fluorescence lifetime (Aexe = 375 nm): T (x;) species
i lifetime (fraction), Ty species-weighted average lifetime. ¢ Fluorescence quantum yield. ¥ Measured in THF taken
from the literature [51]. For the fluorescence lifetime of post-synthetic 2@MIP-206, see Table S6.

Compared to the UiO-66 composites, the extended lifetimes in MOF-808 and DUT-67
reveal the influence of both pore size and pore environment. The latter two MOFs have
pores that are significantly larger than the embedded dye molecules. This results in a larger
distance and better separation of the Bodipy molecules within the pores and fewer interac-
tions, such as 7-7 interactions or aggregation, both between individual Bodipy molecules
and the pore walls and between neighboring Bodipy molecules. Lower interactions be-
tween both the Bodipy molecules themselves and the Bodipy molecules and the MOF walls
are evident when comparing the aggregation (cf. Tables 2 and 5) and respective lifetimes (cf.
Tables 3 and 6) of UiO-66 vs. MOF-808 and UiO-66 vs. DUT-67. At comparable degrees of
aggregation of 2@MOF-808; g (T« = 9.0 ns) vs. 2@UiO-664 7 (Tx = 4.2 ns), and of 2@DUT-67; »
(tx = 8.5 ns) vs. 2@UiO-66, 3 (Tx = 4.6 ns), the lifetime increases with the pore size. The
largest pore sizes in MOF-808 are about 18 A, both in DUT-67 14 A and in UiO-66 11 A (see
Section S7, Supplementary Materials). Thus, the distance between two Bodipy molecules
as well as the distance between Bodipy molecules and the MOF walls also increases. In
other words, the larger pores lead to weaker interactions of the Bodipy molecules, both
with each other and with the MOF walls.

The presence of such monomers has already been described in the work of Xiong et al.
using rhodamine B in ZIF-8 [70]. However, the significant increase in lifetime in the
2@MOF-808 and 2@DUT-67 composites compared to the lifetime in solution is not only due
to the formation of such isolated monomers through enlarged pores, but also to the pore-
forming MOF environment. Studies such as those by Liu et al. demonstrate the significant
impact that changes in the MOF environment due to the introduction of functional groups
can have on the photophysical properties of dyes [78]. In their work, they modified ZIF-
8 by introducing 1,2,4-benzenetricarbonic acid with carboxyl functional groups, which
significantly increased the quantum yield of the dye@MOF composite.

In addition to the extended lifetimes of 2 in 2@MOF-808 and 2@DUT-67, good quantum
yields were observed. The composites prepared in situ had average quantum yields of
35% for MOF-808 and 41% for DUT-67. Significantly higher quantum yields were obtained
for the post-synthetically encapsulated composites. For 2@MOF-808 57, we measured an
average quantum yield of 48% and for 2@DUT-67 51, it was an impressive 77%. These
high quantum yields derive from the Bodipy concentration in the outer MOF layer, which
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enables efficient molecule excitation. The inner Bodipy molecules of the in situ composites
may not be reached by the photons, and their emission is also more readily absorbed within
the MOEF. Furthermore, the decreased dye-to-wall interactions between Bodipy in MOF-808
and DUT-67, with their larger pores, compared to UiO-66, result in less quenching. The
quantum yield for 2@DUT-67 51 of 77% is comparable to the quantum yield of 89% for 2 in
the THF solution reported in the literature [51].

All composites far exceed the quantum yield of the solid dye. The 2@MOEF-808 and
2@DUT-67 composites also gave higher quantum yields than the 2@UiO-66 composites.
The UiO-66 composites ranged from 31% for 2@UiO-661 1, which had the highest quantum
yield, to 19% for 2@UiO-667 5, which had the lowest quantum yield (cf. Table 3). Overall, the
improved photophysical emission lifetimes and quantum yields make the Bodipy@MOF
composites interesting for applications in solid-state devices.

3. Conclusions

In conclusion, we have shown that by substituting the well-known and well-studied
difluoro groups of Bodipy with the less-investigated cyano groups, an acid-stable variant of
Bodipy can be synthesized and used for both post-synthetic and in situ incorporation into
zirconium-based MOFs under highly acidic synthesis conditions. The 2@MOF composites
show a distinct emission at 521 nm & 2 nm, comparable to the emission of 2 in solution
(8 mmol/L), in line with the solid solution concept for dyes@MOFs. From N, adsorption
measurements with surface area determinations, it could be inferred that the post-synthetic
encapsulation method leads to a dye loading predominantly in the outer layers of the MOF
crystallites. On the contrary, the in situ encapsulation method yields a more homogeneous
distribution of the Bodipy molecules over the entire MOF crystallite. By means of distri-
bution calculations and by fluorescence spectroscopic measurements, it is suggested that
isolated J-aggregates are formed as the loadings increase. Yet, the post-synthetic concentra-
tion of the dye in the outer layer was found advantageous to increase the quantum yield in
the case of large-pore MOFs. Through the choice of a MOF with a pore size larger than the
dye molecule, composites with a high quantum yield close to the quantum yield of 2 in
solution could be obtained due to decreased dye-to-wall interactions, and thereby, reduced
quenching. The advantage of the solid 2@MOF composites was their increased fluorescence
lifetime and quantum yield, both up to eight-fold, compared to solid 2. These results
provide a starting point for the targeted development of solid Bodipy@MOF composites
with specific optical and structural properties so that they could also be used for sensing as
other dye@MOF composites [79-81].
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(Schemes S1 and S2); Section S4: Photophysical properties of Bodipy 2; Section S5: Synthesis of
UiO-66 and 2@UiO-66 composites (Scheme S3); Section S6: Digestion UV-Vis; Section S7: Calculation
of pore filling and the probability p of multiple occupations; Section S8: Synthesis of MOF-808,
DUT-67, and MIP-206 and their composites (Schemes S4 and S5); Section S9: Scanning electron
microscopy images of MOFs and composites; Section S10: Photophysical properties of all composites;
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